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Résumé 
L’objectif du projet ITER est de démontrer la faisabilité scientifique et technique de la 
fusion nucléaire à des fins énergétiques. Pour obtenir les réactions de fusion, un 
plasma chauffé à 150 millions de degrés doit être confiné par un champ magnétique 
de plusieurs teslas en quasi-continu. Pour obtenir ces températures, des antennes 
radiofréquences (RF) injectent des ondes électromagnétiques de forte puissance dans 
le plasma, en particulier entre 40 et 55 MHz aux fréquences de résonance cyclotron 
des ions. L’assemblage et la dilatation thermique en fonctionnement de ces antennes 
sont rendus possibles par des contacts électriques glissants. Ces contacts doivent 
supporter un courant RF crête de 2.25 kA en régime stationnaire, dans un 
environnement sous vide et pendant toute la durée de fonctionnement de l’antenne. 
De plus, les matériaux de ces contacts doivent être compatibles avec la température de 
250°C utilisée pour l’étuvage de la machine pendant plusieurs milliers d’heures 
cumulées. Ces contacts RF sont donc des composants critiques pour les performances 
de l'antenne. Aucun contact électrique du commerce n'a jusqu'à présent été qualifié 
pour ces spécifications et un effort particulier a donc été porté dans le cadre de ce 
travail de thèse afin de développer une solution satisfaisante. 
Le choix des matériaux et des revêtements utilisés pour ces contacts a fait l’objet de la 
première partie de cette étude. Pour ce faire, un modèle multi-physique tenant compte 
des paramètres RF, mécaniques et thermiques a été développé. À la suite de cette 
étude, des premiers couples de matériaux et de revêtements ont été sélectionnés. Les 
propriétés d’échantillons représentatifs ont été caractérisées par des mesures réalisées 
au laboratoire CIRIMAT avant et après un vieillissement thermique simulé. 
Afin d’évaluer le comportement électrique et tribologique de ces paires de matériaux 
dans les conditions de fonctionnement d’ITER, un tribomètre sous vide a été 
spécifiquement conçu et utilisé pendant ce travail de thèse. Ce tribomètre permet de 
mesurer l’évolution du coefficient de frottement et de la résistance de contact entre 
deux échantillons en mouvement relatif linéaire, sous vide (10
-5
 Pa) et jusqu’à 350°C. 
Des couples d’échantillons de 316L/CuCrZr non revêtus ont été comparés à des 
couples revêtus d’argent et de rhodium ou d’or et de rhodium. La force normale de 
contact optimale a d’abord été déterminée par rapport à la résistance de contact et au 
coefficient de frottement. L’évolution dynamique de ces paramètres et la durée de vie 
des revêtements ont ensuite été mesurées sur le cycle de vie attendu des contacts de 
l’antenne ICRH d’ITER. 
Enfin, la faisabilité d’une nouvelle méthode de lubrification compatible avec le vide a 
été développée à partir de revêtements composites or/nickel/carbone et or/cobalt/WS2. 
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Ces nouveaux revêtements ont été élaborés par des méthodes de dépôt en phase 
vapeur et d’électrodéposition respectivement. Leurs performances tribologiques ont 
été caractérisées dans des conditions représentatives de celles d’ITER. 
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ABSTRACT 
Ion Cyclotron Resonance Heating (ICRH) is one of the most important plasma 
heating methods in magnetically confined fusion experiments. In ITER, two ICRH 
antennas are designed to supply 20 MW of Radio-Frequency (RF) power at 
40-55 MHz to heat the plasma. RF sliding contacts are used in the antennas to allow 
their remote handling assembly and to improve their maintainability, as well as to 
absorb the thermal expansion of the RF conductors during operations. One of the RF 
contacts is designed to be operated at 2.25 kA in steady-state (1200 s), with a current 
density of 4.8 kA/m. With such current levels, high heating occurs at the contact area 
which threatens the structural and material safety of the RF contacts and constrain 
their life time. In addition, before operation of the ITER ICRH antennas, all the 
in-vessel structures will be baked at 250°C during thousands of cumulated hours for 
outgassing.  
In CEA, R&D work on RF contact development has been carried out for 10 years. 
Recently, Ag-coated CuCrZr louvers RF contact prototype based on Multi-Contact 
LA-CUT commercial contact configuration was tested on TITAN test-bed. 1500 A, 
1200 s steady-state operation was achieved. However, due to burn failure, the RF 
contact prototype couldn’t reach 1200 s steady-state under 2 kA as expected. In order 
to improve the performances of the RF sliding contacts to match ITER requirements, 
failure mechanisms of RF contacts during RF operations were analyzed and possible 
materials or coated systems that can be used for RF sliding contacts compatible with 
the ITER environment have been studied in detail within this thesis work. The effects 
of material selection, cooling parameter and contact resistance on louvers temperature 
have been modelled and simulated through finite element methods. 
Moreover, functional coatings like Ag, Au, Rh and their alloys were manufactured by 
electroplating on 316L and CuCrZr, which are commonly used as base materials on 
tokamak. By mimicking the ITER baking conditions, the coated samples were thermal 
aged under vacuum at 250ºC for 500 h, after which the materials properties evolution 
such as hardness, grain size and adherence was characterized. In addition, the coating 
life time has been evaluated through cross-sectional diffusion characterizations. 
In order to evaluate the electrical and tribological behavior of the coated material 
pairs, a dedicated and innovative test bed was designed during this thesis and used 
successfully. On this test bed the samples can be heated up to 350ºC and the vacuum 
can reach 10
-5 
Pa. Static contact resistance as well as transient contact 
resistance/friction coefficient of sliding pairs can be measured. Sliding and electrical 
tests of uncoated 316L/CuCrZr pair and coated pairs Ag/Rh and Au-Ni/Rh were 
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carried out. The relationships between vacuum condition, temperature, contact force 
and the static contact resistance have been studied and an optimal contact force was 
selected. Under this optimal contact force, the sliding tests were launched and the 
evolutions of friction coefficient as well as contact resistance were analyzed. Through 
wear characterizations, the life times of the coatings were evaluated.  
Finally, based on the first tribological results obtained on commercial Au-Ni and 
Au-Co alloy coatings, the feasibility of depositing solid lubricant containing Au-Ni 
and Au-Co composite coatings to minimizing wear and friction coefficient was 
evaluated. Au-Ni/a-C and Au-Co/WS2 composite coatings were successfully 
developed by using magnetron sputtering and electroplating methods respectively. 
Their tribological performance under ITER relevant vacuum condition had been 
studied.  
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Chapter 1 Context and objectives 
1.1 Energy and nuclear fusion 
1.1.1 Global Energy Situation 
Energy sources are fundamental for human society and the global energy consumption 
is increasing rapidly nowadays. Currently, available world energy resources are based 
mostly on fossil fuels such as coal, oil and gas. However, as un-renewable sources, 
fossil fuels can run out in the future and the pollution caused by their consumption is a 
serious problem. In the past decades, renewable energy sources such as wind and 
solar energy were widely studied and applied all over the world. Although renewable 
energy sources are replacing part of traditional fossil fuels role, their intermittent 
natures let them impossible to fully satisfy the world's energy requirements.  
Nuclear fission was first investigated and explained in the late 1930's and the first 
commercial fission power plant was built in the 1950’s. As a reliable and high 
efficiency energy source, nuclear fission is well developed in many countries. In 
France for instance, 78% of electricity is generated from fission power plants. After 
the Fukushima Daiichi accident on 11 March 2011 that was caused by an earthquake 
and a subsequent tsunami, several countries with operational nuclear power plants 
decided to phase-out the use of the technology over the next two decades [1]. Due to 
the high safety risk of radioactive pollution caused by accidents of fission power 
plants, the fever of fission energy application cold down all over the world. Therefore, 
energy sources that can offer safe and renewable energy still have to be found.  
1.1.2 Nuclear fusion 
 
Figure 1-1 Effective cross sections of major fusion reactions [2] 
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Nuclear fusion is another nuclear reaction which is happening in stellar cores. In the 
fusion process, the nuclei are fused together and release energy. On earth, the 
technically easiest achievable nuclear fusion reaction is the fusion between hydrogen 
isotopes deuterium (D) and tritium (T) due to their high cross-section and the greatest 
yield of energy per reaction (Figure 1-1). 
The fusion reaction of deuterium and tritium is expressed as: 
2 3 4 1
1 1 2 0 17.6D T He n MeV               (1-1)   
In order to achieve fusion reactions between deuterium and tritium, one has to bring 
the nuclei (which are positively charged) close enough (<10
-15
 m) to overcome the 
electrostatic repulsion, so that the nuclear strong force can bind the nucleons together 
in a nucleus[3, 4]. In practice, the D-T nuclei should be heated to about 100 million 
Kelvin, which is much higher than the ionization temperature of the hydrogen atom 
which is in the order of 10000 K. In other words, the fusion reaction can only occur in 
a fully ionized plasma state.    
Compared with nuclear fission, the nuclear fusion reaction itself does not produce 
radioactive wastes. Moreover, since the Deuterium isotope can be found in abundance 
in seawater and the Tritium could be generated from the interaction of the high energy 
neutron with Lithium, fusion energy would have no shortage of fuels. All these 
advantages make fusion energy a candidate for the future energy supply and fusion 
development is carried out in many countries all over the world. 
1.2 ITER and ITER ICRH antenna 
1.2.1 Magnetic confined fusion and Tokamak 
 
Figure 1-2 Diagram of ions and electrons trajectories in a DC magnetic field 
No container exists that can hold hot plasma which is in the order of 100 million 
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Kelvin. The idea is to use a magnetic field to trap the charged plasma particles in 
order to control the contact with the wall of the container. In a steady magnetic field, 
electrically charged moving plasma particles move in spiral orbits along magnetic 
field lines (Figure 1-2). Trapping the plasma particles along the magnetic field lines 
has been successfully achieved by some magnetic confinement concepts, such as 
reversed field pinch, stellarator and tokamak.  
In the world, tokamak has been the most developed magnetic confinement system and 
is presently the basis for a future fusion reactor design in many countries [5-7]. As 
shown in Figure 1-3, plasma is contained in a torus-shaped vacuum vessel and 
confined by a specially designed magnetic field configuration [8]. A set of Toroidal 
Field (TF) coils are installed along the torus to generate the toroidal magnetic field. 
However, toroidal field is not sufficient to confine the plasma alone, due to the 
curvature of the magnetic field lines which produces opposite particle drifts for ions 
and electrons. Due to this particle drift, plasma shifts rapidly toward the wall and gets 
lost. In order to avoid this particle drift phenomenon, an additional poloidal magnetic 
field is necessary, which combines with the toroidal field and forms spiral magnetic 
lines. The poloidal magnetic field is generated by a flowing current in the plasma, 
magnetically induced by the inner poloidal field coils. In addition, External Poloidal 
Field (PF) coils are designed for plasma positioning and shaping. 
 
Figure 1-3 Schematic of tokamak [9] 
1.2.2 ITER project 
In the past 50 years, tokamak-based magnetic confinement fusion research achieved 
impressive progress: on JET and TFTR tokamaks, total fusion powers of 16MW and 
Chapter 1 Context and objectives 
4 
 
11MW were produced respectively [10]. However, based on confinement scaling laws, 
in order to generate enough power to sustain the fusion reaction itself, the size of the 
machine should be enlarged almost twice as large as any tokamak machine existing. 
So, large size tokamak machine needs to be built to get further progress.  
In order to demonstrate the scientific and technological feasibility of fusion energy, 
the ITER Project was launched in 1988. As an international project, China, the 
European Union, India, Japan, Korea, Russia and the United States firmly committed 
to building the International Thermonuclear Experimental Reactor (ITER), which is 
the world largest tokamak[10-12].  
The primary objectives of ITER tokamak are 1). achieving the out-versus-in power 
amplification ratio of the fusion reaction (Q) no less than 10 and generating 500MW 
output power for 400 s. Thus, ITER will be the first machine that could gain net 
energy after subtracting the energy to initiate the fusion reaction. 2). to demonstrate 
steady-state operation non-inductive current drive at Q ≥ 5. 3). to demonstrate 
availability and integration of essential fusion technologies. 4). to test components for 
a future power reactor including high temperature tritium breeding blanket module 
concepts with the 14 MeV neutron power load. 
1.2.3 ITER ICRH antenna and RF contacts 
To heat the deuterium and tritium fuel to fusion temperatures, ITER relies in part on 
Ion Cyclotron Resonance Heating (ICRH) power. ITER ICRH system is one of the 
three heating systems that are anticipated to be used during plasma experiments and 
two antennas will be installed in ITER equatorial ports with a total heating power of 
20 MW (40-55 MHz) up to one-hour steady-state operation for a variety of ITER 
plasma scenarios [13-16].  
1.2.3.1 Mechanical design of ICRH antenna 
As shown in Figure 1-4, each of the ITER ICRH antennas was designed as port plug 
structure with a total weight of 45 tons [14]. In order to ease the assembly, each port 
plug was split into four symmetric pieces in a 2×2 array. In the front of the port plug 
(PP), front modules (FM) transfer and couple the RF power to ITER plasma. This RF 
power is generated by sources that will be installed far from the ITER machine and 
transferred through transmission lines (TL). In the port plug, there are eight 
removable vacuum transmission lines (RVTL) designed to connect the FM and TL 
[17]. The RVTL has been designed to be maintained or replaced using remote 
handling system without extracting all the heavy and complex PP. For the RF plasma 
coupling adjusting consideration, a shimming process has also been foreseen to allow 
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FM radial displacement of few centimeters relative to the RVTL [14, 15]. Besides, 
due to uniform temperature distribution, large thermal stress can generate inside the 
RVTL, which will threaten the RVTL’s structural safety.  
 
Figure 1-4 Overview of ITER ICRH antenna  
To allow the relative displacement between FM and RVTL as well as to release the 
thermal stress in the RVTL, flexible connection joints named RF contacts were added 
at some different locations. The most stringent operation conditions of three of these 
RF contacts are reported in Table 1-1. 
Table 1-1 General parameters of the three locations' RF contact on the ITER ICRH 
Contact Max IRF [kA] Diam. [mm] Max JRF [kA/m]* 
#1 :  2.0 140 4.6 
#2 :  2.5 260 3.1 
#3 : 2.3 218 3.4 
(* The current density is defined as JRF= IRF/π∙Diam.) 
1.2.3.2 RF contact design specifications 
These contacts must satisfy the following constraints: 
 The RF contact (#3) should work normally under 2.25 kA (+20% of safety 
margin) at 40-55 MHz for 1200 s steady-state operation without any failure. 
 The structural and material of the RF contact should be compatible with the 
ITER vacuum condition which is a pressure lower than 10
-4
 Pa. 
 The RF contact should sustain high temperature baking at 250°C during ITER 
baking phase for 2×104 hours without structure problem caused by creeping 
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and diffusion. 
 The RF contact should sustain linear sliding under two sliding modes: thermal 
expansion happens during RF operation and baking or insertion during 
assembly. For the first mode, based on the calculation, the sliding speed is 
0.05 mm/s with a sliding stroke of 2 mm. For the assembly insertion, the total 
stroke is about 50 mm and the speed is 1 mm/s-5 mm/s (should be compatible 
with the remote handling system). 
1.2.3.3 RF contact design challenges 
Based on the relative motion between electrical contact parts, electrical contacts can 
be divided in general into two basic types: stationary contacts and moving 
contacts[18]. According to the property of current that flows through, electrical 
contacts can be classified as direct current (DC) contacts and alternating current (AC) 
contacts. ITER RF contacts are sliding contacts that will work under a heavy current 
load with a current frequency of 40-55 MHz.  
One of the bigest challenges for the ITER ICRH RF contact design is the large current 
or current density (4.6 kA/m Max.) which will induce large thermal load, especially at 
contact areas due to Ohmic loss, where the contact resistance generated. Even if 
active cooling is designed below the RF contact, confined by the flexible RF contact's 
mechanical design, the distance between the contact to the cooling channel can be few 
centimeters and the cooling efficiency reduced. During steady-state operation, heat 
will accumulate and temperature will increase which would induce structure and 
material failures. For this reason, the mechanical structure design and contact material 
selection which can ensure the function stability are the most important aspects. 
Compared with stationary electrical contacts, sliding contacts are facing much critical 
working conditions: severe wear and corrosion. Moreover, the RF condition makes 
the sliding contact design more challenging, as “skin effect” increases the bulk 
resistance, thus increases the Ohmic loss accordingly.  
1.3 RF sliding contact development status  
Although RF contacts are commonly used in the electronic industry as well as on 
scientific research facilities, however, their application on high RF current load under 
vacuum is very limited. Before the RF sliding contact development for fusion 
applications, almost no research experience existed regarding such components. 
Commercial RF contact LA-CUT produced by the Multi-Contact® company (now 
part of Stäubli) [19] was selected as a possible design concept for various ICRH 
systems, in particular for ITER [20]. During the last 15 years, such contacts have been 
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tested in various operating conditions in IPP [21] or CEA [22] and are currently used 
in the JET ICRH ITER-like antenna [23]. The experiments results obtained at CEA 
under vacuum are summarized in Figure 1-5. 
 
Figure 1-5 Summary of Multi-Contact LA-CUT RF experiment results in CEA 
CEA started to investigate the electrical performance and reliability of flexible finger 
contacts since 2002. The first RF sliding contact prototype was designed based on the 
Multi-Contact LA-CUT configuration and installed in the JET-EP ITER-like antenna 
to provide a separable electrical coupling between tuning capacitors and current straps 
[22]. In this work, Multi-Contact LA-CUT had been tested under vacuum condition, 
up to 36 kV and 1.75 kA peak (1.24 kA RMS) during 10 s with a current density 
around 4.5 kA/m. In 2004, these same contacts were successfully tested for 60 s 
steady state operation under the current density of 6.16 kA/m in vacuum at 59 MHz. 
The feasibility of applying Multi-Contact LA-CUT commercial RF contact in ITER 
vacuum condition was proved. 
In 2009, Multi-Contact LA-CUT contact was tested in a vacuum environment up to 
60 s. Moreover, sliding tests were first performed to investigate the feasibilities of 
contact sliding during RF shot [24]. The mock-up consists of a Φ54 mm strip holder, 
where louvers faced a thick 500 µm copper electroplated steel part. During the 
mechanical sliding test, the abrasion on the copper plated part was so serious that the 
sliding was blocked due to wear debris generated. At last, the copper coated cylinder 
was changed to CuCr (with higher hardness than copper) and wear problem solved. 
Based on this prototype, RF tests had been performed at 57 MHz up to 32 kV / 1.2 kA 
peak (7.07 kA/m) under vacuum during 16 s with a sliding speed of 5 mm/s over a 
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50 mm range. From this test, the capability of Multi-Contact LA-CUT to support RF 
operation during sliding was demonstrated. But its steady state operation capability 
still required further investigations. 
For that purpose, RF tests have been performed on Multi-Contact LA-CUT under 
vacuum on a newly developed facility (T-resonator), which is a dedicated testbed for 
ITER RF components development. These contacts have been tested under 
2 kA/600 s (4.54 kA/m) and ultimately up to 2.28 kA (5.18 kA/m) peak during 600 s 
at 62 MHz on both a Φ140 mm holders, after which the contact band was destroyed 
(Figure 1-6).  
 
Figure 1-6 Multi-Contact LA-CUT RF contact before and after RF tests1 
Even though significant progress about the mechanical design of RF sliding contacts 
and the necessary knowledge about their material had been achieved in the previous 
R&D phase, there is still a large gap between the obtained results and the ITER RF 
sliding contact design specifications. 
1.4 Research aims and objectives 
The development of an ITER RF sliding contact is the combination of mechanical 
structure design and material selection. The previous studies [21-24] mainly focused 
on the RF current carrying capability of the LA-CUT commercial product. However, 
the failure mechanism of the RF contact was not deeply researched. As a result, the 
main parameters or factors that can affect the RF contact’s stability were not clearly 
understood.  
                                                 
1
 I would like to add that LA-CUT is a widely used and high-tech commercial electrical contact. It was not designed 
specifically for ITER application. In this thesis study, LA-CUT was selected to test under ITER relevant conditions. The 
failure presented in this figure doesn’t present the quality of the LA-CUT product and the test results are significantly 
affected by the test conditions as well as the performance of the conductor that the LA-CUT was installed in. The test 
conditions were out of its manufacturing specifications. 
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Meanwhile, as commercial RF contact, LA-CUT was designed mainly for civil (and 
DC) applications. However, the ITER RF sliding contacts will be facing in ITER 
specific nuclear fusion conditions which include high vacuum, high temperature and 
neutron radiation. The thermal effects and metal diffusion induced by thermal aging to 
the materials mechanical and electrical property changes should be investigated. 
Besides, as a sliding electrical contact, the understanding of the tribological 
performance of contact materials under ITER operation conditions is also essential to 
direct the material selection. The neutron irradiation effects on the materials will not 
be investigated in this work.  
The aims of this thesis are: 
1) Understanding the failure mechanisms of RF sliding contacts in the context 
of ITER ICRH system. Creating multi-physics analysis model of the contact 
and analyzing the main factors and parameters that can affect the operating 
temperature of the RF contact louvers through Finite Element Analysis (FEA) 
method. 
2) Selecting electrical contact materials which are expected to have good 
performance of electrical conductivity and wear resistivity in ITER 
operating conditions. Mimicking ITER high temperature baking periods and 
investigating the selected materials’ thermal stabilities and diffusion 
phenomena after thermal aging treatment at 250°C for 500 h. 
3) Developing an electrical and tribological multi-functional test bed with 
ITER relevant conditions such as vacuum and temperature. Investigating the 
electrical contact and wear performance of the material pairs on the test bed 
and analyzing the effects of wear to the contact resistance.  
4) From the acquired knowledge, designing a new ITER RF sliding contact 
prototype to be tested on the IRFM RF T-resonator 
5) Studying the feasibility of applying advanced self-lubricating coatings on RF 
sliding contact to improve their wear performance in ITER. Investigating the 
possibility of co-depositing nanoparticles of solid lubricants (WS2, carbon) 
within the electrical contact functional coatings.   
In summary, in this thesis study, the failure mechanisms of the LA-CUT commercial 
electrical contact under ITER ICRH application conditions are expected to be 
investigated and the relationship between the LA-CUT operational performance with 
the material selection will be analyzed. Based on the material properties requirements 
obtained from the LA-CUT prototype failure analysis, the proper material candidates 
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(commercial and self-developed) were evaluated under ITER relevant conditions, 
which can give a direction to the material selection for the ITER ICRH RF sliding 
contact development.  
Therefore, this manuscript will be divided into 5 parts: after the thesis general 
introduction (chapter 1), in chapter 2, the coating deposition techniques, material 
characterization techniques and background of wear and contact resistance were 
introduced. In this thesis, not only commercial material characterization tools were 
used, a multi-functional tribometer that can mimic ITER conditions to perform the 
materials’ electrical/tribological characterizations was developed during the thesis. So, 
the engineering details of the multi-functional tribometer development were also 
introduced in chapter 2. Chapter 3 introduces the RF test results and the failure 
mechanisms of the LA-CUT electrical contact under ITER relevant conditions. 
During the failure mechanism analysis, both the material characterization by 
commercial material characterization techniques and the FEM analysis were applied. 
Based on the failure mechanism analysis, CuCrZr and 316L were selected to be the 
base material candidates for the ITER RF conductor and CuCrZr was selected as the 
base material candidate for the RF contact louver. Functional coatings were also 
proved to be necessary which can help to improve the base materials’ electrical and 
tribological performance. In chapter 4, various of commercial functional coatings that 
were electroplated on CuCrZr and 316L substrates were evaluated under ITER 
relevant working conditions and wear was observed to be a problem which shortened  
their life time. The possibility of applying solid lubricants to improve the coatings’ 
wear performance was evaluated in chapter 5 by developing and testing two kinds of 
self-lubricating coatings. Chapter 6 will finally conclude this manuscript. 
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Chapter 2 Coating deposition and characterization techniques 
ITER RF sliding contact is a critical component that has both harsh mechanical and 
electrical design requirements. Applying suitable coatings on proper substrates is a 
possible material solution. Material selection and the following characterizations in 
mechanical, electrical and diffusion properties are major steps for the ITER RF 
sliding contact development. In this chapter, the coating techniques and the coating 
characterization techniques (morphology, composition, mechanical properties, crystal 
structure) that are used in this study are introduced. The background knowledge of 
wear and contact resistance between coating surfaces in vacuum which can help to 
understand the ITER RF sliding contact’s failure mechanism is discussed. The 
engineering design of the dedicated testbed for coatings’ electrical and tribological 
performance characterization is also presented.  
2.1 Coating deposition techniques 
The performance of an electrical contact is mainly the consequences of the 
phenomena occurring at its surface, such as contamination, oxidation, re-oxidation, 
wear, etc. [18] The above factors can increase the contact resistance so as to threaten 
the reliability of the connection. As a commonly used surface engineering method, 
applying coating is an effective practical solution for various electrical contacts, on 
which thin coating layers play a major role in dealing with corrosion, wear and metal 
diffusion. Based on the coating material’s characteristics and operating conditions, the 
coating thickness varies from 0.1–0.3 µm to 20–30 µm.  
2.1.1 Overview 
Generally speaking, the majority of contact materials that help to improve electrical 
contact quality, are noble metal materials. Depositing them as micron scale coatings 
on common structural metal materials is common practice for high-power RF 
components. The practical coating methods include electroplating, electroless plating, 
spraying and Physical Vapor Deposition (PVD). Hardness and surface quality can 
affect the electrical contact’s wear performance. Generally, hard coatings with smooth 
surfaces have higher wear resistance. Electroplating and PVD deposition methods can 
generate fine grain size coating, which has better hardness performance than spraying 
and electroless plating. Moreover, by using electroplating and PVD methods, alloy 
coatings and composite coatings can be achieved, which is beneficial for advanced 
coating development in which solid lubricant materials are expected to be 
co-deposited. In this thesis, two self-lubricating composite coatings were developed. 
The Au-Ni/C coatings were deposited by magnetron sputtering under the 
collaboration with Lanzhou Institute of Chemical Physics in China (discussed in 
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section 5.1). The Au-Co/WS2 coatings were electrodeposited at CIRIMAT laboratory 
in France (discussed in section 5.2). 
2.1.2 Electroplating 
 
Figure 2-1 Schematic of electrodeposition 
Electroplating is a process of depositing metal or conductive metal oxides thin films 
on conductive substrates by applying an electric current to reduce the metal cations 
dissolved into the electrolyte [25, 26]. A generic electroplating cell setup is shown in 
Figure 2-1.  
There are two electrodes applied during the plating process: the anode and the cathode. 
The cathode is the piece to be plated and the anode is either a sacrificial anode or an 
inert anode (normally either platinum or carbon). For a sacrificial anode, the metal 
ions M
z+
 are exchanged between two phases, the solid metal and the solution contains 
M
z+
. The metallic ions in salt carry positive charges and get attracted to the cathode 
when passing a negative current. When they reach the surface of the cathode, it 
provides electrons to reduce the positively charged ions into metallic form[27, 28]. On 
the anode, the reaction is reversed. The reactions of electrodeposition are expressed 
as: 
zM ze M                        (2-1) 
If the anode is an inert anode, oxygen evolution takes place at the anode: 
222 2 2O HH e O H
                    (2-2) 
2.1.2.1 Faraday’s Law 
Faraday’s law states the relationship between the coating production and the quantity 
of electric charge passed through the electroplating cell. It’s a useful method to 
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calculate the coating thickness. The weight of coating product is: 
I t M
m n M
z F
 
  

                     (2-3) 
where, I is the current (A), t is the coating time (s), M is the molecular weight (g/mol), 
z is the number of electrons transferred, F is the Faraday constant (96487 C/mol). 
The coating thickness (µm) can be calculated through: 
100 / 60k kd KD t                     (2-4) 
where K is the coating metal’s electrochemical equivalent (g·A-1·h-1), Dk is the current 
density (A/dm
2
), t is the coating time (min), ηk is the cathode current efficiency and ρ 
is the density of the coating material (g/cm
3
). 
2.1.2.2 Main factors that affect electroplating process 
1) Temperature 
Generally, increasing the temperature of the electrolyte can increase the solubility of 
the metal salts and improve the conductivity of the solution accordingly [27, 29]. 
Increasing temperature can decrease the viscosity of the solution, thereby replenishing 
the double layer relatively faster. Besides, with high plating temperature one can 
achieve low stress and low cracking tendency coating as the hydrogen absorption on 
the coating is decreased. However, high temperature may increase the crystal size and 
sometimes impairs the coating quality. So, in practice, the plating temperature is 
selected by compromising the deposition rate and coating quality.  
2) Agitation 
Agitation provides sufficient mixing of electroplating bath and replenishes metal ions 
at the cathode surface which reduces the thickness of diffusion layer. Under agitation, 
high current density can be used during the plating process to achieve high 
productivity. Meanwhile, agitation helps to remove hydrogen bubbles from the 
coating surface, which prevents voids defects in the coating [30]. Many types of 
stirring can be used such as mechanical swing, electric shock, gas vibration and so on. 
3) Current density 
In electroplating, current density plays an important role in the coating rate and 
coating quality. The selection of current density must take the bath composition and 
temperature into consideration. Insufficient current density will result in poor coating, 
while excessive current density may induce burn defects [31].  
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2.1.3 Magnetron sputtering deposition 
Magnetron sputtering is a plasma-based deposition process in which energetic ions 
are accelerated towards a target. The ions strike the target and atoms are ejected or 
sputtered from the target surface and deposited on the substrate to generate film. 
Magnetron sputtering belongs to PVD deposition method.  
The scheme of the J450 magnetron co-sputtering system used in this thesis study is 
shown in Figure 2-2. The coating substrate and target are installed in a chamber. 
During the plating process, a DC power supply or RF power supply is used between 
the target (cathode) and substrate (anode) [32, 33]. Ar plasma is generated between 
the electrodes and Ar
+
 ions are accelerated to bombard the target surface. What 
differentiates a magnetron cathode from a conventional cathode is the presence of a 
magnetic field. The magnetic field in the magnetron is oriented parallel to the cathode 
surface. The local polarity of the magnetic field is oriented such that E×B drift of the 
emitted secondary electrons forms a closed loop. Due to the increased confinement of 
the secondary electrons in this E×B drift loop, the ionization efficiency of Ar gas is 
increased and the plasma density near the target surface is increased too. With 
ionization of Ar gas, the energy of the electrons decreased, which eliminates the 
heating problem of the substrate due to electron bombardment. More deposition 
details are introduced in Chapter 5 (section 5.1.1). 
 
Figure 2-2 Schematic configuration of the magnetron sputtering system  
2.2 Characterization techniques  
Several different techniques were used to analyze or characterize the coating materials 
aiming for ITER RF sliding contact development. The coatings’ morphology, coatings’ 
mechanical properties (adhesion, hardness and elastic modulus), coatings’ chemical 
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composition and crystal structure were characterized. The techniques used in this 
study include: 3D optical profiler, Scanning Electron Microscopy (SEM), 
Energy-Dispersive Spectrometer (EDS), Transmission Electron Microscopy (TEM), 
micro-scratch tester, nanoindentation tester, X-ray Photoelectron Spectroscopy (XPS), 
The X-ray Diffraction (XRD) and Raman spectroscopy. 
2.2.1 3D optical profiler 
Optical profilers are interference microscopes used to accurately measure the 
three-dimensional height variations on surfaces of a given test material. As Figure 2-3 
shows, optical profilers manipulate the wave properties of light entering the 
microscope and compare the path differences between the test subject and a reference 
object of a known flatness. Once light enters the optical profiler, the light beam will 
split, where one-half of the beam reflects the focal plane of a microscope objective for 
the object of interest and the other half is reflected from the reference mirror. 
Interference between these two beams is then measured to form an interferogram from 
which height calculations can be obtained [34]. The main advantage of the 3D optical 
profiler is the non-contact measurement.  
 
Figure 2-3 Schematic of a 3D optical profiler [35] 
The 3D optical profiler (SENSOFAR, USA) was used in this thesis to measure the 
samples’ surface roughness.  
2.2.2 SEM/EDS 
The resolution of microscope is limited by the wavelength of visible light. For large 
magnification images, light or particles with shorter wavelength is mandatory. 
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Electrons have shorter wavelengths; therefore in electron microscopy larger 
magnifications, up to two million times, become possible [36]. Based on electron 
microscopy, SEM was developed which is a widely used technique to study the 
surface morphology and compositional distribution. As Figure 2-4 shows, the tested 
sample is introduced into a vacuum chamber where a focused beam of electrons 
interacts with the sample. The primary electrons interact with the surface atoms 
producing several detectable signals, among which backscattered electrons, secondary 
electrons and X-rays are used the most for the analysis. Secondary electrons give 
information about the surface morphology. From backscattered electrons, the 
elements with high atomic number Z will appear lighter than the elements with a low 
Z. So, they can supply composition information. The number and energy of the 
X-rays emitted from a specimen can be measured by an EDS. As the energies of the 
X-rays are characteristic of the elements that emitting such X-rays. X-rays detection 
gives additional insight into the elemental composition of the surface. 
In this thesis, JSM-6510LV (JEOL, Tokyo, Japan), JSM-6700F FEG-SEM (JEOL, 
Tokyo, Japan) and JSM-5601(JEOL, Tokyo, Japan) were used to study the surface 
morphology and composition of the coating surfaces as well as wear tracks. 
 
Figure 2-4 Schematic diagram of SEM system [37] 
2.2.3 TEM 
TEM is used to produce images from a sample by illuminating the sample with 
electrons beams within a high vacuum and detecting the electrons that are transmitted 
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through the sample. The TEM operates on the same basic principles as the light 
microscope but uses electrons instead of light. As the De Broglie wavelength of 
electrons is much smaller compared with visible light, the optimal resolution 
attainable for TEM images is significantly higher than optical microscopes, which 
reaches to 1nm [38].  
TEM is a powerful tool for nanoparticle characterization and can be applied to study 
crystal structure and features in the structure like dislocations and grain boundaries. 
There are two modes in TEM, the imaging mode and the diffraction mode. In imaging 
mode, the darker areas of the image represent areas of the sample where fewer 
electrons are transmitted through, while the lighter areas of the image represent the 
areas of the sample where more electrons were transmitted through. The diffraction 
mode is a useful tool for doing a cell reconstruction and determining crystal 
orientation. 
HRTEM images of the coating cross-sections were captured by using TECNAI G2 
F20 S-TWIN (FEI, USA) instrument at an accelerating voltage of 200 kV equipped 
with EDS unit. Cross-sectional samples for TEM observations were prepared on 
Helios Nanolab 600i (FEI, Germany) focused ion beam system with Ga ions 
accelerating voltage of 30 kV for preliminary cutting and 5 kV for final milling.   
2.2.4 Micro-scratch tester 
The scratch test is a commonly used technique for assessment of thin films adhesive 
and cohesive properties against their substrates [39]. As shown in Figure 2-5, during a 
scratch test, a diamond indenter (Rockwell, Berkovich and cube-corner) is forwardly 
pulled straight ahead on the investigated surface at a constant velocity [40-42]. During 
the linear sliding of the indenter, a normal force is applied either in steps or more 
often continuously (usually linearly increased). During the test, the penetration depth 
and stylus position are recorded. In addition, the tangential force is acquired and the 
coefficient of friction (CoF) is calculated. The scratch tracks can be subsequently 
observed with SEM or optical microscopy to identify the coating failure mechanisms. 
Acoustic Emission (AE) sensor is also added to help determining the critical loads 
that cause coating failure.  
In this thesis, the coating’s adhesion properties were evaluated by using a CSEM® 
commercial micro-scratch tester. The scratch indenter is a diamond stylus that has a 
Rockwell C geometry with a 120º cone and a 200 µm radius spherical tip. Scratch 
tests were performed by applying a progressive load from 1 N to 50 N with a loading 
rate of 49 N/min. The indenter transverse speed was 4mm/min with a scratch length 
of 4 mm. For statistical analysis, three tests were performed on each sample. 
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Figure 2-5 Schematic diagram of scratch test [43] 
2.2.5 Nanoindentation tester 
Nanoindentation testing has emerged as an important method for the evaluation of a 
material’s mechanical properties, such as elastic modulus (E) and indentation 
hardness (HIT). The technique is based on the continuous recording of applied force 
and resulting depth of penetration of an indenter throughout the whole loading and 
unloading cycle, when applied force is controlled [44]. During nanoindentation test, 
force and displacement are recorded as the indenter tip is being pressed into the test 
material’s surface with a prescribed loading and unloading profile [45]. The typical 
load-displacement curve (P-h curve) recorded during a nanoindentation test is shown 
in Figure 2-6. 
 
Figure 2-6 Schematic diagram of the nanoindentation test and typical P-h curves 
The HIT and E are calculated by the Oliver and Pharr method [46]: 
IT
F
H
A
                           (2-5) 
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where, F is the maximum test force, A is the projected area of contact of the indenter, 
S is the elastic unloading stiffness which is defined as the slope of the upper portion 
of the unloading curve during the initial stages of unloading, ν is the Poisson’s ratio of 
the tested material, νi and Ei are the Poisson’s ratio and elastic modulus of the 
diamond.  
In this thesis, the elastic modulus and hardness of the coating were characterized at 
room temperature using a CSM
®
 (CSEM, Switzerland) Ultra Nanoindentation Tester 
with a Berkovich indenter. The force and displacement resolution of the 
nanoindentation are 1 nN and 0.003 nm, respectively. The material’s Vickers hardness 
(HV) can be calculated based on the indentation hardness (HV ≈ HIT/10.8). 
2.2.6 Microharness tester 
Hardness measurements were also performed on a Vickers microharness tester (Model: 
HM-210, Mitutoyo, Japan), with a test force from 10 gf (0.098 N) to 1000 gf (9.8 N).  
2.2.7 XRD 
XRD technique is a non-destructive technique used for crystallographic structure study 
which provides information on structures, phases, preferred crystal orientations, 
etc.[47]. Crystalline substances act as three-dimensional diffraction gratings for X-ray 
whose wavelength is similar to the spacing of planes in a crystal lattice (Figure 
2-7). The diffraction of the X-rays which are being focused on the sample at an 
incident angle θ with respect to the lattice planes can occur only at certain angles that 
meet Bragg’s equation as following [48, 49]: 
2 sinhkln d                            (2-8) 
where n is an integer corresponding to the order of the reflection, λ is the wavelength 
of X-ray used, dhkl is the inter-planar distance in the crystal and θ is the scattering 
angle.  
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Figure 2-7 Diagram of Bragg’s law 
The diffracted X-rays are detected, processed and counted. The XRD pattern is 
obtained by plotting the intensity of diffraction peaks against the 2θ angle. Through 
analyzing the intensity and shape of the diffraction peaks, the crystallite size of the 
material can be obtained by using the Scherer equation, which is expressed as [50-52]: 
cos
K
D

 



                         (2-9) 
where θ is the Bragg angle, β is the full-width at half-maximum (FWHM) of a 
diffraction line located at θ (the peak broadening due to the facility itself has been 
removed), λ is the x-ray wavelength and K is the Scherrer constant. 
In this thesis, coatings were characterized by using an X-ray diffractometer (XRD, 
BRUKER D4 ENDEAVOR, Germany) with Ni filter Cu Kα radiation (λ=1.541 Å, 40 
kV, 40 mA). The X-ray diffraction data were collected from 10º to 100º in 2θ. 
2.2.8 XPS 
The XPS is a powerful technique for highly specific surface (3 nm-10 nm) elemental 
composition and chemical state characterizations. XPS spectra are obtained by using a 
beam of Al or Mg X-rays to bombard the material surface with a well-defined energy 
[53].  
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Figure 2-8 Schematic diagram of XPS principle and system [54] 
As shown in Figure 2-8, the X-ray interacts with core electrons present around the 
nucleus of atoms contained in the material surface and a number of electrons escape 
from the surface with a specific kinetic energy Ek, which can be expressed as: 
k bE h E                          (2-10) 
where hν is the X-ray photon energy, Eb is the bonding energy of the electron and Φ is 
the energy that can extract the electron from the surface of the sample which depends 
on the spectrometer and the substrate.  
The bonding energy of core electrons is an intrinsic material property. The electrons 
from different atoms, the same atom with different orbitals and the same orbital in 
different bonding states have specific binding energy values. As the energy of X-ray 
photon is known and by using an electron energy analyzer to measure the kinetic 
energy of the photoelectrons emitted, the bonding energy of the photoelectrons can be 
deduced from equation 2-10. Thus, by separating and characterizing the 
photoelectrons kinetic energy and their intensities, the atoms present in the material 
surface and their chemical states as well as their contents can be determined. Due to 
the short range of the photoelectrons that are excited from the solid, XPS is able to 
identify and quantify the elemental composition of the outer 10 nm or less of any 
solid surface. 
The XPS system used in this thesis is Quantera SXM (ULVAC-PHI, Japan) with a 
base pressure of 9×10
-7
 Pa and Al Kα monochromatic X-ray source.  
2.2.9 Raman spectroscopy  
Raman spectroscopy allows for the detection and identification of molecules through 
their unique vibrational and rotational energy level structure. Raman spectroscopy 
allows direct detection of a molecule with no chemical alteration based on their 
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interaction with monochromic light. When a beam of light is impinged upon a 
molecule, photons are absorbed by the material and scattered. Most of these scattered 
photons have the same wavelength (frequency) as the incident photons due to elastic 
scatter (Rayleigh scatter).  
As Figure 2-9 shows, in Rayleigh scattering the molecules are excited to a higher 
energy level and then decay back to the same energy level. However, a small fraction 
of light (approximately 1 in 10
7 
photons) is scattered at optical frequencies different 
from the frequency of the incident photons. Such scattering is called inelastic 
scattering or Raman scattering [55]. The photon’s change in frequency is induced by 
the interaction of the light and molecular vibrations which provides chemical and 
structural information on the analyzed sample. It’s worth mentioning that only the 
molecular vibrations that induce the polarizability change can interact with the 
photons. 
 
Figure 2-9  Energy level diagram for Raman scattering  
In this thesis, the Raman spectrometer that was used is Horiba LabRAM HR800 system. 
Raman signal was excited by using a laser with wavelength of 532 nm and the Raman 
spectra were collected from 100–2000 cm–1. The measurements were performed at room 
temperature with a power of 12 mW. 
2.3 Tribology of conductive contact 
2.3.1 Electrical contact resistance 
Engineering surface, even with careful polishing, are not really smooth surfaces in 
microscale scale, but present many asperities. When two engineering bodies come 
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into contact with an applied force, the contact between the two bodies occurs at the 
asperities firstly, as illustrated in Figure 2-10. For bulk metal materials, their surfaces 
are covered with oxidation layers or adsorbed gas layers, which are electrically 
insulating layers. Thus, the low resistivity conducting paths are generated only when 
the surface asperities of the contacting members penetrate oxidation layers and other 
contaminant films, generating metal-to-metal contact spots (a-spots, where a stands 
for asperity) [18].  
 
Figure 2-10 Schematic of current constriction and real contact area [56]  
Due to the presence of such asperities and insulating layers, the real conducting 
contact area Ar between two surfaces is much lower than the apparent contact area Aa. 
Generally, the conducting contact area is less than 1% of the apparent contact area 
[57]. When current passes through a-spot to the bulk materials, the current lines are 
constricted and the length of the path is increased, resulting in an additional resistance 
called constriction resistance (Rc). In addition, due to the presence of contaminating 
film with relatively high electrical resistivity, an additional resistance called film 
resistance (Rf) is also generated. The total resistance R at the contact interface is the 
sum of the Rc and Rf: 
c fR R R                            (2-11) 
Holm has shown that the constriction resistance for a single a-spot can be expressed 
as [18]: 
1 2( ) / 4cR a                         (2-12) 
where ρ1 and ρ2 are the respective resistivities of the contacting metals and a is the 
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radius of the metal-to-metal contact area. 
The above formula is valid only for single circular a-spot. However, for real electrical 
contacts, the contact takes place at a cluster of a-spots. Greenwood and Williamson 
proposed an expression of Rc in the simplest case of a large number n of circular 
a-spots located within a single cluster. The constriction resistance is expressed as 
[18]:  
1 1
2 2
cR
na


 
  
 
                      (2-13) 
where a is the average a-spot radius defined as Σai/n (ai is the radius of the ith spot) and 
α is the radius of the cluster sometimes defined as the Holm radius. 
From equation (2-13), Rc (and thus R also) mainly depending on the contact area 
(which is affected by the applied contact force), the physical surface condition 
(surface roughness, contamination, etc.) and the mechanical properties of the 
contacting materials.  
The expression (Equation 2-13) for constriction resistance was derived under the 
assumption of DC flow and based on the analytical solution to the Laplace equation. 
However, on ITER RF sliding contacts, the current will be an RF current with a 
frequency of 40-55 MHz. Under RF current conditions, current flows differ from DC 
case by the so-called skin-effect, which limits the penetration of the electromagnetic 
field to the center of the conductor. The parameter used to evaluate the skin effect is 
the skin depth δ, expressed as: 
f


 
                         (2-14) 
where f is the RF frequency, µ is the magnetic permeability of free space and ρ is the 
resistivity of the conductor.  
The RF current flows in a depth not higher than few times the skin depth, where four 
times the skin depth is generally considered as a rule of thumb since it represents 98% 
of the current density [58]. The skin-effect phenomenon affects the constriction 
resistance when the AC frequency is higher than 10 MHz, since the skin depth is 
comparable to the a-spot radius. This indicates that at 40-55 MHz, the constriction 
resistance should be very different from the value measured under DC cases. J. Lavers 
had studied the relationship between constriction resistance, constriction diameter and 
AC frequency by FEM [42]. Figure 2-11 shows that under RF condition, the Rc is 
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smaller than under DC condition.  
 
Figure 2-11 Dependence of constriction resistance on constriction diameter for current 
frequencies ranging from DC to 1 GHz AC [59] 
However, in the FEM study, J. Lavers didn’t take ohmic heating into consideration. 
More recently, Roland S. Timsit reported an opposite result, also originating from 
FEM study.  
The Figure 2-12 shows that, when the frequency is lower than 1 MHz, the Rc is 
almost constant. For high frequencies, a Rc increase with the frequency was 
calculated. For the RF frequency range under consideration (45-60 MHz), the Rc can 
be 2 or 3 times higher than in the DC case. The rise in the resistance in Figure 2-12 is 
attributed to the increased ohmic heating in the constriction at the higher frequencies 
[60]. However, with the temperature increase, due to the creeping of the contact 
material, the contact area (constriction radius) could be increased accordingly, which 
could then decrease the Rc. The effect of temperature on the contact area was not 
considered in the Roland S. Timsit’s recent study. 
 
Figure 2-12 Contact resistances under different constriction radii and frequencies [60] 
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In this thesis, the Rc results between samples were measured under DC condition. In 
order to eliminate the temperature effects on the Rc, the Rc was measured under 
different temperatures with a maximum value of 200ºC.  
2.3.2 Friction and wear 
2.3.2.1 Source of friction 
As Figure 2-10 shows, engineering surfaces presents peaks and valleys on the 
micrometer scale. When a normal contact force is applied on two contacting surfaces, 
the opposing asperities with maximum height come into contact. The contact 
asperities surface area increases with the contact force. Strong adhesive bonds can be 
generated between contacting surfaces when the surface contamination films are 
absent and if the pressure generated between contact spots is high enough [18, 61, 62].  
When contacts are sliding in high vacuum and high temperature, the metallic pristine 
surfaces present high surface energy and are easier to generate a strong metallic bond. 
During sliding, an applied tangential load must generate a shearing force to break 
such strong bonds. Thus, friction is treated as a process of continuous formation and 
fracture of adhesive bonds [63].  
Besides the strong adhesion at the contact areas, another source of friction is the 
elastic and plastic deformations occurring at the contact areas when harder counter 
surfaces being inserted into a relatively soft surface. When relative sliding happens, 
asperities on the harder surface generate ploughing effect to the soft surface and the 
ploughing resistance causes a force contributing to the frictional force. It’s worth 
mentioning that, the ploughing effect is generally accompanied by adhesion effect. 
2.3.2.2 Wear 
During the relative movement between two contacting surfaces, material removal 
occurs from one or both of these surfaces, which is called wear. Wear phenomena are 
obviously affected by the sliding surface states, such as the roughness, the presence of 
adsorbed species and/or surface layers. Based on the underlying physical and 
chemical processes during the friction between two engineering bodies, the wear 
mechanisms can be classified as abrasion, adhesion, fatigue, corrosion, erosion, 
fretting, delamination, etc. [64-66]. The wear laws are generally based on the 
Archard’s law, which is the wear volume divided by the applied load and the sliding 
distance [67]. 
1) Adhesive wear 
In case of strong metallic bonding (cold welding) happening for clean, oxide-free 
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contacting asperities in a metal/metal contact [68], serious shear stresses are generated 
during relative sliding. Adhesive wear between metal contacts occurs when the 
adhesive strength at the interface is higher than the cohesive strength of the bulk 
material. As shown in Figure 2-13, a distinguishable feature of this form of wear is a 
transfer of material from one surface to another which occurs due to localized 
bonding between the contacting solid surfaces. Material is transferred from the 
cohesively weaker partner to the stronger one. 
 
Figure 2-13 Illustration of adhesive wear [69] 
The presence of oxides and other surface contamination films affects the adhesion 
between contacting metal surfaces and generally act as a natural protection layer 
against cold welding [70]. Under vacuum, such natural layers are removed by 
outgassing or wear during running-in and they are not rebuilt. As a result, severe 
adhesive wear occurs.  
2) Abrasive wear 
Abrasive wear happens between two surfaces of different hardnesses as explained in 
2.3.2.1. Material from the relatively softer surface is ploughed with plastic material 
flowing or cut from the bulk material by the hard particles or hard protuberances from 
the counterpart (Figure 2-14). Abrasive wear is main source of wear, which 
contributes around 63% of the total cost of wear [71]. There are two main types of 
abrasive wear: 
 
Figure 2-14 Illustration of two-body (a) and three-body (b) abrasive wear [72] 
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 Two-body abrasive wear 
If there are only two parts involved in the wear process and the ploughing or cutting is 
due to the interference of hard asperities from one surface (or the wear debris fixed in 
the wear surface) to the other surface, this abrasive wear is called two-body abrasive 
wear.  
 Three-body abrasive wear 
When there are free hard particles existing between sliding surfaces, commonly 
occurring from wear debris generated during sliding, additional wear called 
three-body abrasive wear occurs and such free particles are called third bodies. The 
dimension of such particles is from 1µm to 10 µm[67]. Besides the free particles, the 
static screens attached on the sliding surface, such as gases layers, oxidation layers 
and lubrication layers which have composition discontinuity with the sliding surface 
are also regarded as third bodies. Third bodies present between all the practical sliding 
surfaces and have an obvious effect on friction [73]. The existing of static screens 
minimize the adhesion phenomenon between sliding surfaces to avoid serious 
adhesive wear. During sliding, the free particles can roll and slide between the two 
contacting surfaces. Although the free particles can abrade the solid surfaces, the 
rolling movement takes around 90% of the time [71] and the free particles can 
generate mechanical load carrying phenomenon which protects the sliding surface 
from severe wear. The three-body abrasive wear has been proved relatively mild 
compared with two-body abrasive wear [74]. It is reported that the three-body 
abrasive wear is one order of magnitude lower than two-body abrasive wear [71].  
2.3.2.3 Lubrication  
For the ITER RF sliding contact, during reciprocating linear sliding, abrasive, 
adhesive and fatigue wears are the predominant wear phenomena. Applying a proper 
additional liquid or solid separation film between two metallic contact surfaces can 
reduce friction, wear and heat generation. In addition, fluid lubricants such as oil and 
grease can help to remove wear debris at the sliding interface, thus reducing the 
possibility of abrasive wear. However, oil and grease lubricants can pollute ITER high 
vacuum environment and are generally electrically insulating which are not 
compatible with electrical contact applications. Compared with fluid lubricants, solid 
lubricants have significant advantages for vacuum, electrical and high temperature 
application. Several inorganic materials have been proved with excellent lubrication 
performance, e.g. MoS2, WS2, graphite and graphene [75, 76]. As shown in Figure 
2-15, all these solid materials have similar crystal structures which are composed of 
layers held by Van der Waals interactions [77]. During sliding, due to the weak 
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strength of Van der Waals bonding, when a shear force is applied, these lamellas can 
slid one over the other, through which the low value of friction force can be achieved.  
 
Figure 2-15 Crystal structure of: (a). graphite and (b). MoS2 [78, 79] 
Generally speaking, electrical conductivity of solid lubricants is lower than noble 
electrical functional coatings (e.g. silver and gold). Moreover, their thermal 
conductance is lower than noble metals. However, for ITER RF contacts that will 
sustain heavy current load and have significant heat deposition, dispersing solid 
lubricants in the metallic matrix which has good electrical and thermal properties 
could be a solution guarantying good lubricating performance as well as high current 
and heat conduction efficiency.  
1) Amorphous carbon 
Amorphous carbon (a-C) including diamond-like carbon (DLC) with sp
3
 dominant 
configuration and graphite-like carbon (GLC) containing a high content of sp
2
 bonds 
are widely researched as hardening or solid lubricate particles to achieve protective 
composite coatings through magnetron sputtering [80-82]. a-C lubricated TiC, WC 
sputtering coatings show higher wear performance and decrease the wear rate of TiC 
by a factor of ten [83, 84]. TiN/a-GLC and silver-doped DLC coatings were evaluated 
as biomaterials which show low coefficients of friction and excellent hardness [85, 
86]. Me–DLC (Me: W, Mo, Nb and Ti) co-deposits were investigated and they 
showed good adhesion performance on their substrates and ultralow CoF of 0.03 [87]. 
Carbon lubricating materials fail to work properly with low friction and wear in inert, 
dry, or vacuum environments [88], but adding a-C in the coating can improve the 
coating’s hardness performance to improve its wear performance. There is almost no 
literature to evaluate the performance of hard Au coatings composited with a-C 
nanoparticles and the results would be interesting for directing advanced function 
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coatings’ development with integrated wear and electrical performance. In this thesis, 
Au-Ni/a-C composite coatings were developed by magnetron sputtering and their 
tribological performance was studied. 
2) MoS2 and WS2 
MoS2 and WS2 are quite similar from crystal structure aspect. Based on cost 
considerations, MoS2 is more commonly used as solid lubricant compared with WS2 
for many applications [89]. However, WS2 is one of the best solid lubricating 
materials known and it offers excellent dry lubricity unmatched to any other substance. 
Moreover, WS2 has better thermal stability and oxidation resistance at high 
temperature (650ºC in atmosphere and 1316ºC in vacuum) compared with MoS2 
(400ºC in atmosphere and 600ºC -700ºC in vacuum) [77, 90, 91]. The high lubricating 
performances and excellent chemical stability at high temperature make WS2 a good 
candidate as solid lubricant material for ITER RF sliding contacts. In this thesis, 
Au-Co/WS2 composite coatings were developed through electroplating method and 
their tribological performance was studied in chapter 5. 
2.4 Tribological study tools 
2.4.1 Tribometer configuration and parameters 
 
Figure 2-16 Main configurations of tribometers [92] 
Tribological characterizations are aimed at determining friction and wear behaviors of 
the studied material pairs under relevant environmental and thermal conditions. For 
ITER, these conditions are: vacuum of 10
-3
-10
-4 
Pa and operational temperature 
around 200ºC. In order to get relevant results, tribometer parameters and motion type 
should be adapted to the real operational conditions. The categorization of tribometer 
machines is based on the character of the relative motion between the investigated 
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pair of materials. Broadly speaking, there are six main types of tribometers (Figure 
2-16) [92]. The most commonly used on commercial tribometers to investigate wear 
and CoF are pin on plate, pin on disc and ball on disc tribometers. 
For ITER ICRH RF contacts, during shimming or thermal induced movement, the RF 
contact fingers will be linearly sliding against the conductor reciprocally under low 
sliding speed. Therefore, the structure configuration of pin on plate with reciprocating 
motion is the most suitable for ITER RF sliding contact tribological study. The tip of 
the pin has a spherical surface to mimic the tip of the RF sliding contact louvers. CoF 
is an important parameter for ITER RF sliding contact since it constraints the working 
load of the remote handling system. Wear of functional coatings can induce the 
variation of Rc, which is another critical parameter for ITER RF sliding contact 
development. Therefore, performing contact resistance measurement during 
tribological tests is mandatory to assess the lifetime of the functional coating. Since 
no commercial tribometer can fully satisfy the requirements of tribological and 
electrical tests for ITER RF sliding contact, the development of a specific tribometer 
is therefore necessary.  
The sliding movement of ITER RF sliding contact is a linear sliding at low speed 
(0.05 mm/s for thermal expansion, 1-5 mm/s for assembly) and the test duration of 
one tribological test is estimated to 10 hours. For a large quantity of test samples, 
especially during the coating parameter optimization period when a lot of parallel 
comparison tests between different coating groups are performed, the tribological 
tests is inconvenient to be performed under slow linear motion as there will be a high 
time-consuming. In this case, a vacuum tribometer with ball on disc configuration can 
be helpful to perform quick tribological experiments. During the coating study period, 
different coatings from different suppliers were tested under different conditions and 
on different tribometers. In order to compare all the coatings in parallel, comparison 
tests were performed on a commercial tribometer in N2 atmosphere. 
2.4.2 Ball on disc tribometers 
The vacuum tribometer used in the thesis for quick coating parameter selection was 
laboratory-made in the Lanzhou Institute of Chemical Physics (LICP), Chinese 
Academy of Sciences as Figure 2-17 shows. Ball on disc sliding configuration with 
dead loads loading system was applied and equipped with a molecular pumping set 
allowing the tribometer to be operated at 10
-4
 Pa. The tribometer is not equipped with 
heating system and Rc measurements.  
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Figure 2-17 High vacuum tribometer 
The N2 atmosphere tribometer that used for different coating comparison is a 
multifunctional tribometer (Rtec instrument, US) in Université Paul-Sabatier (UPS). 
Although N2 environment is not the realistic working condition of ITER RF sliding 
contacts, in order to avoid the effects of humidity on the tribological performance of 
Au-Ni/a-C composite coating (Chapter 5), N2 environment was selected to use.  
2.4.3 Pin on plate ITER RF contact specific tribometer 
The ITER RF sliding contact support will be actively water cooled. The inlet 
temperature of the cooling water will be 90ºC and its normal working temperature is 
estimated at around 200ºC in 10
-4
 Pa based on simulation. This tribometer must have 
heating capability to the test samples up to 200ºC and must be equipped with a high 
vacuum pumping system. Slow reciprocating linear motion with sliding speed at 
mm/s scale is necessary. The normal contact force which is applied should be varied 
to study the effects of the normal contact force to the Rc and the wear phenomena. 
Since the time required to reach a high vacuum can be rather long (ten’s of hours), a 
normal contact loading system which can adjust the normal contact force without 
breaking the high vacuum of the tribometer is an appreciated time-saving advantage. 
A multi-functional tribometer named: Heatable Vacuum Material Tribological & 
Electrical Study Testbed (HV-MTEST) was developed to carry out realistic 
tribological and electrical measurements between materials in ITER device [93]. In 
the following, the main engineering details related to HV-MTEST development are 
introduced.  
2.4.3.1 System design 
1) Overview 
The design specifications of the HV-MTEST are summarized in Table 2-1. 
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Table 2-1 Design specifications of the HV-MTEST 
Parameter Value 
Normal contact force 6 N-30 N 
Sliding speed 0-10 mm/s 
Stroke ±20 mm (Max) 
Operating temperature Room temperature-250ºC 
(steady-state) 
250ºC-350ºC (1 hour) 
Vacuum 1atm-10
-5 
Pa 
The Figure 2-18 illustrates the HV-MTEST facility, which consists of six 
sub-systems, which will be described in the rest of this chapter: a CoF measurement 
system based on a full-bridge gauge circuit; a normal loading system; an high 
vacuum/baking system; a motor drive system that allows the reciprocating sliding; a 
data acquisition & controlling system and a Rc measurement system based on 
four-terminal method. The main novelties of the proposed multifunctional tribometer 
machine design lie in its ability to directly control the normal force by adding 
standard dead loads gradually from the outside of the vacuum vessel without breaking 
the vacuum, the realistic ITER ICRH RF contact working environment simulation and 
the precise static measurement of the Rc or dynamic simultaneous measurements of 
the CoF and Rc.  
 
Figure 2-18 Scheme of the HV-MTEST facility 
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2) CoF measurement system 
The instantaneous CoF (also denoted µ) is defined as the ratio of the friction force (Ff) 
and the normal contact force (Fn) which is expressed as: 
f
n
F
F
                            (2-15) 
Force sensors are the most important and critical elements for accurate tribological 
measurements which have to respond to some important criteria, like vacuum 
compatibility, accuracy and repeatability of the measurement [94]. The mandatory 
calibration procedure is performed in atmosphere condition before the tests, since 
calibration of the sensors under the same conditions as the real tests is impossible in 
vacuum conditions. However, due to the thermal and pressure effects during high 
temperature and high vacuum conditions, misalignment of the force measurement 
sensors could be generated. Typically, a calibrated force transducer or sensor that 
results in a measurable response when subjected to friction is commonly used to 
measure the friction force and such sensors include strain gauges, spring sensors [95], 
piezoelectric force sensor [92] and S2M load cell [96]. In order to handle the high 
temperature baking and high vacuum application requirements and minimize 
measurement errors, strain gauges with nickel-chromium alloy grid, encapsulated in 
fiberglass-reinforced epoxy phenolic and Teflon insulated connecting wires were 
selected which can be operated under 260ºC steadily.  
 
Figure 2-19: (a). Design of the CoF measurement system: (1). Strain gauges (×4); (2). 
Counterweight; (3). Bearings (×2); (4). Central shaft; (5). Beam support; (6). Electrodes (×2); 
(7). Plate sample; (8). AlN ceramic plate; (9). Pin sample; (10). Pin sample holder; (11). 
Cantilever beam; (12). Loading support, (b). Wheatstone full bridge consists of four gauges 
The Figure 2-19 describes the main component of the CoF measurement system, 
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which consists in a cantilever beam supported by two ball bearings and a central shaft. 
To avoid the self-loading by the gravity force of the cantilever beam on the test 
samples, a counterweight load is designed to keep its balance. The friction force is 
measured indirectly by measuring the bending strain caused by the bending moment. 
A necking part on the cantilever beam is designed to increase the sensitivity. In order 
to lower outgassing rate and make it high vacuum compatible, all the parts were made 
of stainless steel 304 with mechanical polishing and degreasing. Accurate 
measurement of small changes in electric resistance is critical in case of strain gauge 
application and Wheatstone bridge offers a good method for small strain (few µɛ) 
measurement [97]. On HV-MTEST, four working gauges are used which are point 
welded on the two surfaces of the necking part of the cantilever beam symmetrically 
and then connected in a full-bridge Wheatstone circuit (Figure 2-19 (b)). The main 
advantage of using such a full bridge circuit is to: improve the sensitivity of the gauge 
system by amplifying the output voltage to four times than the quarter bridge. The 
resistance of the lead wire and the temperature induced resistance change can be 
compensated internally in the full bridge, which improves the accuracy of the system. 
The pin (with its holder) and the plate sample are insulated with other components by 
alumina (Al2O3) ceramic plates.  
3) Rc measurement system 
 
Figure 2-20 Keithley DMM7510 7½ four wire connection for the Rc measurement 
The Rc measurement is performed by a four-terminal sensing method, which principle 
is to apply a small current on the electrical contact and measure the voltage drop to 
calculate Rc through Ohm's Law. As Figure 2-20 shows, a Keithley DMM7510 7½ 
precision multimeter is used as the measurement device. A 10 mA DC current is 
supplied by the multimeter to the electrical contact. It’s worth mentioning that the Rc 
values aimed to be measured are very low (micro-ohm scale). In this case, the 
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thermoelectric effect [98] could not be neglected, as the bias voltage can amplify or 
diminish the voltage drop that happens due to the existing Rc. The Keithley 
DMM7510 7½ multimeter has a specific thermoelectric voltage compensation 
function which was used during the Rc measurement.  
4) Loading system 
The loading system is designed to apply a constant and stable contact force between 
the pin and flat samples during sliding. Few techniques can be used to apply the 
contact force such as dead weight [94], springs [99], screw-drive module [92], etc. 
Except for the dead weight, almost all the other methods require preliminary 
calibration, for the system itself or the force transducers. As HV-MTEST is designed 
for high temperature application, unpredictable thermal effects on the sensors are 
difficult to eliminate. For this reason, dead weight loading is the most reliable, 
cheapest and simplest to implement and was chosen on HV-MTEST.  
For ITER ICRH RF contact, the normal contact force is an important parameter which 
has strong effects on the Rc, CoF and wear rate. Therefore, it needs to be investigated 
carefully. For the classical tribometers working under ambient atmosphere, the change 
of contact force can be realized by adding or removing loads manually. However, on a 
vacuum tribometer like HV-MTEST, the load change is complicated due to the high 
vacuum test conditions. Indeed, breaking the high vacuum and changing the dead 
weight is time-consuming. To simplify the loading process, an innovative system was 
designed as shown in Figure 2-21, by which the normal contact force can be actuated 
from the outside of the vacuum vessel. Five load plates made of CuCrZr (6 N/ load 
plate) are connected in series by sixteen hocks and on each of the load plate, four 
lifting points are mounted to keep the balance of the plates horizontally. The whole 
load plate assembly is driven by a screw nut mechanism manually from the outside of 
the vacuum vessel with the vacuum insulation by a bellows. The loading process can 
be monitored from an observation window. With this flexible loading system, the 
contact force can be increased from 6 N to 30 N (with 6 N/step) conveniently without 
breaking the vacuum. This loading system has been patented [100]. 
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Figure 2-21 Loading system of the HV-MTEST: (1). Load lifting mechanism; (2). Al2O3 
insulation joint; (3). Dead load support; (4). Dead load plates (6N×5); (5). Hocks (×16) 
5) Vacuum and baking system 
As the HV-MTEST is designed for the operation under high vacuum level, therefore a 
high vacuum pumping set consisted of a turbo-molecular pump and a backing 
diaphragm pump was selected (Figure 2-22). Considering that the vibration of the 
pumping set during operation may induce the ground noise of the strain gauge 
measurement system, a bellows is installed between the pump set and the vacuum 
tank of the HV-MTEST even though it can abate the pumping efficiency of the pump 
set. Two heaters are installed, one is integrated on the sample holder plate to bake the 
samples to the expected test temperature and the other is attached around the outside 
of the vacuum vessel to accelerate the outgassing process and to improve the vacuum 
by heating the whole tank up to 150ºC. The vacuum of the HV-MTEST could also be 
improved if needed by changing the gasket from fluoroelastomer to metallic seal. 
6) Motor drive system 
The HV-MTEST uses a reciprocating sliding motion. Drive system main parts like the 
guide rods, motor, bearing and coupling are installed outside of the vacuum tank of 
the tribometer and the linear motion is transmitted to the vacuum chamber through a 
shaft sealed by bellows. An alternating current servo motor is used to serve the 
rotation. The motion transfer from the motor’s rotation to the shaft’s linear sliding is 
realized by a screw nut mechanism with two horizontal guide rods. To compensate for 
the axis misalignment between the motor and the central shaft, a flexible coupling is 
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installed. Even though most of the drive system parts needing oil lubrication is placed 
outside of the vacuum tank, a rail in the vacuum tank that makes the sample holder 
plate slide steadily is required. Therefore a high vacuum compatible and high 
precision ball linear guide (THK, Japan) is used.  
 
Figure 2-22 A photograph of the HV-MTEST assembly: (1). High vacuum pumping set; (2). NI 
cRIO-9002; (3). Vacuum tank with heaters; (4). Motor drive system; (5). Temperature regulator; 
(6). Motor controlling system; (7). Sample heater; (8). Sample holder plate; (9). Ball linear 
guide; (10). Central shaft; (11). Guide rods; (12). Bellows; (13). Screw nut mechanism; (14). 
Flexible coupling. 
7) Data acquisition and controlling system 
A National Instrument Compact-RIO which incorporates a real-time processor and a 
reconfigurable FPGA has been set up for the control and acquisition system [101]. A 
desktop computer equipped with LabVIEW is dedicated to the data acquisition and 
the monitoring. The NI Compact-RIO 9002 controller is connected with the PC 
through an Ethernet link.  
The two channels of temperature signals are collected by the thermocouple 
input module NI 9211. The heaters can be controlled by the temperature regulator 
(PID controller) precisely with an error of ±0.5ºC. The signals of the strain gauge 
full bridge are acquired by a 24-bit full-bridge module (NI 9237) and the vacuum 
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gauge signal is acquired by a NI9201 module. The motor is governed by a 
TRIO-motion controller and is remotely programmed through a self-developed 
graphical user interface. Single or periodic sliding can be programmed at a velocity 
varying between 0 to 10 mm/s. The stroke of the plate is defined within (up to) +/- 20 
mm.  
2.4.3.2 Modeling and simulations results 
Finite element method (FEM) has been used to model and optimize the structure’s 
behavior under exact loads, so as to evaluate the structure’s safety or functional 
performance. During the design of HV-MTEST, ANSYS Mechanical software was 
used to analyze the key components’ mechanical behaviors under friction force, which 
include: static structural analysis (strain & stress distribution), structural dynamic 
analysis (natural frequencies and modes of vibration) and fatigue analysis.  
1) Structural static analysis and fatigue analysis 
The cantilever beam is the critical component for the CoF measurement, whose 
design has a strong effect on the sensitivity of the strain gauges. For sensitivity 
consideration, the thickness of the necking part should be as thin as possible: by 
applying a small force (friction force), the bending phenomenon of this part could be 
strong enough to generate a significant output on the Wheatstone bridge. Meanwhile, 
robust structure of the necking part should be guaranteed to avoid any plastic 
deformations. Besides the controlling the necking part thickness, designing a rigid 
supporting structure for the cantilever beam to avoid large elastic deformation on the 
supporting structure during the CoF measurement tests is another solution to improve 
the sensitivity of the measurement system. The concept of the CoF measurement is 
based on the direct measurement of the bending strain on the necking part caused by 
the friction force. However, except for the bending moment, there is also a torque 
applied on the cantilever beam (Figure 2-23). Actually, the final strain on the necking 
part is the combined effect of the bending moment and the torque. The concept of the 
Wheatstone full bridge measurement is based on the hypothesis that the four strain 
gauges would have the same elastic deformation. So, choosing an area on the necking 
part where strain is uniformly distributed for the gauge attachment is meaningful to 
improve the linear relationship between friction force and strain measured from the 
full bridge. The application of FEM analysis of the cantilever beam can help to solve 
the above problems.     
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Figure 2-23 FEM and meshing of the HV-MTEST 
 Model and mesh 
A simplified model of the HV-MTEST main in-vessel components was created as 
shown in Figure 2-23. In this model, the thickness of the necking part was originally 
designed as 4mm. After meshing, there are 239999 elements and 1004926 nodes. 
 Material properties 
The structure is made of stainless steel 304. Considering the normal operating 
temperature of the test bed is around 200 ºC, the material properties of stainless steel 
304 at 200ºC was used in the analysis (Table 2-2). 
Table 2-2 Material properties of stainless steel 304 at 200 ºC 
Temperature Density Young's 
Modulus 
Poisson's 
Ratio 
Thermal 
expansion 
coefficient 
Thermal 
conductivity 
°C kg/m
3
 GPa  10
-6
/K W/m·K 
200 7858 185 0.3 16.6 16.98 
 Boundary conditions 
The maximum contact force of the HV-MTEST was 30 N and the maximum CoF 
between the test samples was assumed as 2 (including a safety margin), then the 
maximum friction force was calculated to 60 N. As shown in Figure 2-23, the friction 
force (60 N) was applied at the tip of the pin along Y direction. In reality, the bottom 
support plate is fixed by bolts, so in the analysis it was fixed without movement 
freedoms in X, Y and Z directions.  
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 Analysis results 
The strain and stress distribution on the necking part and the cantilever beam support 
are shown in Figure 2-24. Under a friction force of 60 N, the maximum strain 
generated on the cantilever beam is 0.0463%, which occurs at the thickness transition. 
In the middle of the necking part, the strain is about 0.02%. The maximum strain is 
observed on the beam support and is only 0.00126% which shows that the support 
structure has good stiffness. Under 60 N, the maximum stress on the cantilever beam 
is about 92.4 MPa and such value is lower than the yield stress of the SS 304 under 
350ºC whose value is 103 MPa [102]. So, the structure can be operated under 350ºC 
steadily without plastic deformation. It is also shown that, the relatively uniform 
distribution area of the strain on the necking part is the middle area, which indicates 
that the gauges should be welded as near as possible to the center of the necking part. 
 
Figure 2-24 Structural analysis results under Ff=60 N: (a). global strain distribution; (b). strain 
distribution on the cantilever beam; (c). strain distribution on the support; (d). stress 
distribution on the cantilever beam. 
Although the static stress on the tribometer structure is less than the material’s 
mechanical strength, rupture still may occur due to repeated application of stresses 
which induce fatigue failure [103]. For HV-MTEST, the critical component that 
subjects to fatigue failure is the cantilever beam on which a necking part was designed. 
The fatigue loading of the cantilever beam is the friction forces that are intended to be 
measured. The lifetime of HV-MTEST is specified to be higher than 2×105 cycles, 
which indicates that the fatigue of the cantilever beam belongs to high-cycle fatigue 
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situation [104]. Under friction force of 60 N, the maximum strain on the cantilever 
beam is 0.0463%. By checking the strain-allowable cycles curve (Figure 2-25), the 
lifetime of the cantilever beam is higher than 10
8 
cycles [105]. No fatigue failure is 
anticipated on the HV-MTEST facility.  
 
Figure 2-25 Allowable fatigue cycles (N) for 304 type stainless steel [102] 
2) Dynamic analysis 
During the sliding, periodic forces will be exerted on the bean structure, which can 
generate mechanical vibrations. When the force applied frequency is equal to the 
natural frequency of the system itself, the amplitude of vibration increases and such 
vibration not only has large effect on the measurement precision but also threatens the 
structural safety [106]. Therefore, the mechanical structure should have sufficiently 
high stiffness in order to increase the natural frequency and reduce the effect of low 
frequency oscillations. Modal analysis was performed to study the natural frequencies 
of the tribometer.  
 Analysis model  
As shown in Figure 2-26, a simplified model was created, which includes: three load 
plates (18 N) and the cantilever beam assembly.  
 Material properties 
Same material properties were used as in Table 2-2. 
 Boundary conditions 
Cylindrical support was applied on the cantilever beam support which can mimic the 
supporting of the bearings. On the tip of the pin sample, a frictionless support was 
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applied which can only give support for the gravity of the cantilever beam assembly 
without applying any other constraints on the model.  
 
Figure 2-26 Model of modal analysis 
 Analysis results 
 
Figure 2-27 Deformation of each mode of natural vibration 
The first four modes of natural frequency were calculated. Based on Figure 2-27, the 
first mode of vibration happens under the frequency of 59.2 Hz and the cantilever 
beam generates a bending behavior. The second mode of vibration happens under the 
frequency of 109.1 Hz and the cantilever beam generates a twisting behavior. The 
third mode of vibration occurs at 141.9 Hz and the deformation response is the 
twisting of the cantilever beam plus the swing of the loads. The fourth mode of 
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natural vibration happens at 174.8 Hz and the deformation of the system is similar to 
the 3
rd
 mode. All the modes’ natural frequencies are much higher than the excitation 
frequency from the drive system, so resonances are avoided during the operations of 
the HV-MTEST. 
2.4.3.3 Calibration of the CoF measurement system 
Since the friction force between samples can’t be measured directly, it is deduced 
from the strain occurring on the cantilever beam. In order to find the corresponding 
relationship between the friction force and strain, the inherent relationship between 
the friction force and strain on the cantilever beam’s necking part is investigated. Such 
relationship is determined by the configuration of the beam design. 
1) Theoretical calculation 
 
Figure 2-28 Sketch of the cantilever beam with force load 
The Figure 2-28 shows a cantilever beam with a rectangle cross-section, whose 
bending strain can be theoretically calculated by the equation [107]:  
2
6FL
bh E
                          (2-16) 
where F is the bending force applied on the cantilever beam, L is the distance between 
the strain gauge center to the load position (0.0385 m), b is the width of the cantilever 
beam (0.03 m), h is the thickness of the cantilever beam (0.004 m), E is Young’s 
modulus of the SS304 (200 GPa). The theoretical bending strain corresponds to the 
bending force is plotted in Figure 2-29 (a). 
2) Insitu calibration 
Unlike the typical way to attach strain gauges, the high temperature strain gauges 
applied in this study were point welded on the cantilever beam at the edge areas 
instead of being glued entirely. Therefore, the difference between the strains that 
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occur on the strain gauge and the cantilever beam is unavoidable. The strain of the 
cantilever beam is larger than the value that measured by strain gauge. So, several 
calibration procedures were performed after manufacturing and assembling to 
investigate the relationship between the friction force and the strain outputted from 
the grain gauges. The calibration system is shown in Figure 2-29 (b), in which the 
friction forces were simulated by applying a series of dead loads with different weight 
(0.38 N, 0.52 N, 1.23 N, 2.07 N) and the strain responses of the cantilever beam were 
recorded. After measurement, the least squares method was used to fit the expression 
of the strain ε corresponding to a friction force Ff: 
0.086 1.998 fF     (×10
-6
)                (2-17) 
The friction force Ff which is applied to the pin during sliding can be calculated from 
the bending strain from: 
Ff  = 0.043+0.5ɛ (N)                   (2-18) 
The calibration results show that, the HV-MTEST has good linearity property between 
the input of the friction force and the output of strain. 
 
Figure 2-29 Calibration of the HV-MTEST 
As the strain gauges cannot be attached to the cantilever beam of the tribometer 
perfectly. Under the same bending force, the strain occurred on the cantilever beam 
(theoretical calculation) is a little bit larger than the strain measured by the strain 
gauges. However, the output (measured strain) has good linear relation with the 
friction force. Thus, once the calibration line obtained, the real-time Ff value can be 
deduced precisely based on the measured strain value.  
2.4.3.4 Precision Measurements 
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Before performing a test in HV-MTEST, few days are required to achieve ITER-like 
condition of vacuum and temperature. In order to mimic the ITER RF sliding 
contact’s real sliding conditions, the tribological tests on HV-MTEST are performed 
under low sliding speeds (0.5-2 mm/s). Generally, the duration of one test is around 
10 hours for 1000 cycles. Performing a new test requires to break the vacuum to 
change the sample. Therefore, it’s not convenient to perform a large number of tests. 
This means that, the test bed developed should have good result reproducibility, in 
other words, it should have a high precision of measurement.  
For measurement there are three general types of errors occur in lab measurements: 
random error, systematic error and gross errors. Gross errors are caused by the 
operator’s carelessness or equipment broken, which should be avoided during any 
measurements. 
Systematic errors are instrumental, methodological, or personal mistakes causing 
"lopsided" data, which is consistently deviated in one direction from the true value. 
Systematic errors can be identified and eliminated after careful inspection of the 
experimental methods, cross-calibration of instruments and examination of techniques. 
Systematic errors reveal the “accuracy” of the measurements [108].  
Random errors are the components of measurement errors that vary in an 
unpredictable manner in replicated measurements [108]. Random errors characterize 
the reproducibility of measurements, and therefore, the “precision”. Random errors 
are affected by the measuring techniques, sample properties, etc. The random error 
can only be minimized such as performing multiple experiments to do the average, 
but will never be avoided. A parameter that is typically used for quantifying random 
error is the standard deviation.  
In order to evaluate the test bed’s precision, four tests were performed under the same 
conditions (normal contact force: 6 N, sliding speed: 1mm/s, stroke: ±16 mm, 
pressure: atmosphere, cycles: 40) between the CuCrZr pin and stainless steel 316L 
plate. The standard deviations of the CoF and Rc in each sliding cycle are calculated 
through: 
 
4 2
,
1
1
3
i j i i
j
  

                       (2-19) 
where µj,i is the result of the j
th
 measurement of the i
th
 sliding cycle and i is the 
arithmetic mean of the four results.
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1) Precision of CoF measurement 
As shown in Figure 2-30, the CoF measurement results during the four tests have 
good reproducibility. From Figure 2-31, the standard deviation is quite stable in each 
cycle, with a maximum and minimum values of 0.022 and 0.002 respectively. 
Compared with high CoF values that are aiming to be measured, such error is very 
low. In a word, the HV-MTEST has a good reproducibility of CoF measurement and a 
high measurement precision.  
 
Figure 2-30 Results of CoF during 1-40 cycles [1] 
 
Figure 2-31 Standard deviation of CoF during 1-40 cycles 
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2) Precision of Rc measurement
 
Figure 2-32 Results of Rc during 1-40 cycles 
 
Figure 2-33 Standard deviation of Rc during 1-40 cycles 
As Figure 2-32 and Figure 2-33 show, the four Rc tests results show similar Rc 
change tendency. In the beginning, the standard deviation was kept under a low value 
(0.1 mΩ), however, after 15 cycles the standard deviation increased to 0.3 mΩ. The 
degradation of Rc measurement reproducibility with the sliding cycle number increase 
is due to the wear of test surfaces. The wear of the samples induced small mechanical 
vibration between the test samples. Although such vibration has no effects to the CoF 
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measurement, it can have obvious effects on the Rc measurements as our Rc 
measurement is in milliohm scale. However, the maximum standard deviation of Rc 
during the Rc measurements is below 10% of measured Rc value. Thus, from 
engineering aspects, Rc values measured from HV-MTEST test bed can give a good 
reference to the engineering design of the ITER RF sliding contact.  
2.4.4 Overview of tribological test parameters 
Table 2-3 Tribological test conditions on different tribometers 
 
RF sliding 
contact  
CEA 
tribometer 
LICP 
tribometer 
UPS 
tribometer 
Atmosphere 10
-3
-10
-4
 Pa 
vacuum 
10
-3
-10
-4
 Pa 
vacuum 
10
-3
-10
-4
 Pa 
vacuum 
1 atm 
N2 
Movement linear sliding linear sliding rotating rotating 
Linear (equivalent) 
speed 
0.05 mm/s and 
1-5 mm/s 
1mm/s 84 mm/s 84 mm/s 
Max. contact 
pressure 
to be studied 896 MPa 970 MPa 970 MPa 
Sliding cycles 30000 2000 8000 4000 
Total sliding length 90 m 32 m 201 m 63 m 
Temperature 175°C 200°C 25°C 25°C 
As Table 2-3 shows, three tribometers were used in this thesis study, the CEA 
tribometer (HV-MTEST, introduced in section 2.4.3) can mimic ITER sliding RF 
contact relevant operational conditions and commercial electrical functional coatings: 
Au-Ni vs. Rh (section 4.3.2 and section 4.3.3), Ag vs. Rh (section 4.3.4 and section 
4.3.5) were tested on it under ITER relevant conditions. During the developing of 
self-lubricating composite coatings, as there are many test samples (obtained from 
different coating parameters) with the constriction of sample size and test duration, 
it’s inconvenient to use the HV-MTEST tribometer to perform the comparison tests in 
each coating group. So, a vacuum tribometer (LICP tribometer) with rotating 
movement in room temperature was applied to do the coating comparison tests in 
each coating group: Au-Ni/a-C composite coating group (section 5.1.2.5) and 
Au-Co/WS2 composite coating group (section 5.2.2.4). Since the tribological tests of 
the commercial functional coatings and the developed composite coatings were tested 
Parameters 
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on different tribometer with different conditions, in order to compare them parallel, 
the best coatings from each group were selected and they were tested and compared 
on the UPS commercial tribometer under N2 gas environment (Section 5.3). 
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Chapter 3 Experimental study and failure analysis of Multi-Contact 
LA-CUT contact 
ITER RF sliding contacts will be working in a complex environment, with high 
vacuum, high temperature and heavy RF current load. Although FEM method is 
widely used in engineering study to validate components’ safety, the modeling and 
boundary conditions are generally simplified from their realistic ones. Thus, when 
there are multi-physics factors involved, the simulation results may have large 
difference with their real values. For ITER RF sliding contacts, the mechanical 
structure of the contact louvers are complex and the contact interfaces are generated 
through engineering bodies with rough surfaces. In finite element simulation, the 
boundary conditions such as Rc and thermal resistance are hard to model, in particular 
for RF currents and as a result, the analysis is not thoroughly believable. For this 
reason, ITER RF sliding contact development used 1:1 prototype tests on the 
dedicated testbed to investigate current carrying capability of the contact and FEM to 
help to understand the failure mechanism as well as to do the design optimization.  
3.1 ITER RF sliding contact prototype design 
Sliding electrical contacts have very distinctive characters to guarantee the electrical 
connection and mechanical sliding. Generally, sliding electrical contacts contain a 
large number of parallel louvers which can be compressed elastically. Improving the 
electrical contact performance and wear performance are the critical issues related 
with sliding electrical development and usually they are contradictory to each other. 
Especially for ITER RF sliding contacts, which are expected to be operated under 
high current load and have long lifetime, more attention should be paid to the 
mechanical design and material selection.  
3.1.1 RF sliding contact configuration selection  
 
Figure 3-1 Commercial sliding electrical contact designs [19] 
As introduced, the RF sliding contact should have compressive flexible contact 
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louvers to apply contact force. There are two kinds of louver designs which can 
realize this purpose: individual or separated louvers (Figure 3-1).  
For individual louver sliding contact, the contact louvers are both the electrical 
current flowing media and the flexible mechanical support. The design is more 
compact compared with the separated louver configuration. In order to combine these 
two functions, the material used for this kind of contact should have good electrical, 
thermal and elastic properties. It’s quite hard to find a material that can meet all the 
above properties. So, individual louver configuration is only suitable for low current 
sliding contact application which has low requirements on the material’s electrical 
conductivity or mechanical performance. ITER RF sliding contact is a heavy load 
electrical contact, thus individual louver configuration is not suitable. 
Separated louvers are the other sliding electrical contact configuration on which a 
functional division is realized between the contact louvers and the spring element. 
The main advantage of this configuration is that the louvers and the spring element 
can be manufactured with different materials. During design, the selection of the 
louver materials focuses on their electrical and thermal performances while for the 
spring element materials the focus is made on mechanical properties (e.g., fatigue 
strength and yield stress). Separated louvers sliding contact configuration (such as 
LA-CUT, from Stäubli Multi-Contact [19]) has been tested for ITER RF sliding 
contact development. With the LA-CUT product, there is no mechanical bonding 
between the contact strip and the conductor: the LA-CUT contact strip is inserted into 
a groove (Figure 3-2). Therefore, this type of sliding electrical contact can be replaced 
easily but at the price of a serious reduction of the heat transfer between the strip and 
the holding conductor.  
 
Figure 3-2 Schematic of LA-CUT sliding contact assembly 
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3.1.2 Base material selection for the RF contact 
The Figure 3-2 shows an ITER RF sliding contact design where there are two primary 
materials: the base materials for the conductors and the base material for the contact 
louvers. For commercial LA-CUT contact, the contact louvers can be made of 
oxygen-free high conductivity (OFHC) copper which has high electrical conductivity 
and thermal conductivity. However, for ITER application, the mechanical properties 
of copper have to be improved to resist ITER 250ºC (850 days cumulative) outgas 
baking and high temperature during operation, in which creeping issues can lead to 
failure[109].  
Adding hetero-elements in a metal matrix to generate metal alloys can improve the 
microstructure of the pure metal and increases some of its material properties. For 
copper, common copper alloys are CuCrZr, CuBe, CuCr and CuNiBe. Their main 
mechanical and thermal properties are shown in Figure 3-3 and Figure 3-4. OFHC 
shows poor performance in yield stress under all temperatures. CuBe and CuNiBe 
have higher mechanical strength, around seven times higher than OFHC and have a 
higher thermal stability under mechanical strength under temperature up to 300ºC. On 
the Large Hadron Collider (LHC) in CERN, RF contacts support a nominal beam 
current of 0.6 A and CuBe is used for the contact louvers’ manufacturing [110, 111]. 
For ITER RF contacts which are expected to be operated under 2 kA, the relatively 
high resistivity and relatively low thermal conductivity of CuBe make it improper to 
use.  
 
Figure 3-3 Yield stresses of copper alloys under different temperature [112] 
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Figure 3-4 Yield stresses and thermal conductivities of copper alloys [112] 
CuCrZr shows good mechanical performance even under high temperature at 250ºC 
and its yield strength is about 5 times higher than OFHC. Moreover, the electrical 
conductivity and thermal conductivity of CuCrZr at room temperature are similar to 
OFHC, which are 77% IACS (International Annealed Copper Standard) [113, 114] 
and 80% IACS respectively. Consequently, they are suitable for high loading parts 
such as springs, which conduct electricity, contact wheel, etc [115]. CuCrZr alloy is 
widely used on fusion experimental devices as heat sink material [116-120], due to its 
excellent thermal conductivity, strength and fatigue resistance [121]. So, CuCrZr 
becomes an interesting material for ITER to manufacture the RF contact louvers. Like 
pure copper, Cu2O and/or CuO will form on the CuCrZr surface due to oxidation 
when exposed to atmosphere [121-124]. A functional coating to protect from 
oxidation and also to minimize contact resistance is then required. Gold or silver 
coating are generally selected to cover the surface of the contact louvers. 
For the base material of ITER RF conductors, currently titanium is selected [17]. 
However, considering the large mass of the ITER ICRH antenna RF conductors, the 
application of titanium as base material is costly. Common structural base materials 
such as 316L and CuCrZr are also proposed. In this thesis study, the base materials of 
the RF conductor are focused on 316 L and CuCrZr. 
3.2 RF tests of LA-CUT prototype 
The RF contact prototype’s investigation requires extensive tests at nominal RF 
current under high vacuum. Moreover, sliding tests should be performed during RF 
operation to ensure that the RF prototype tested can fulfill the sliding movement 
under high temperature and high vacuum as required. In order to mimic ITER 
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operational conditions for RF contact prototype tests, a dedicated test bench was 
developed in CEA [125, 126]. This testbed is a RF resonator (T-resonator) which 
operating conditions are:  
 2.25 kA at 62 MHz during quasi-continuous operation (20’-30’) 
 Vacuum pressure <10-3 Pa 
 Water cooling from 20°C to 250°C 
 Short displacements can be realized to mimic the relative thermal displacements 
of the ITER ICRH antenna, with or without RF application 
3.2.1 T-Resonator Setup 
The setup, illustrated in Figure 3-5, consists in a rigid coaxial resonator, made of two 
main branches approximatively 2.2 meters long. Both branches are RF powered from 
a RF source feeding through a T-junction and are ended by adjustable short-circuits 
referred as trolleys hereafter. A vacuum feedthrough is located upstream of the 
T-junction, which allows the T-resonator to be vacuum pumped. Electric heating 
cables are wrapped around the outer conductors of the two branches for baking 
purposes.  
 
Figure 3-5 T-Resonator description[109] 
In order to match the resonator, both short circuit lengths can be tuned by sliding the 
trolleys. In addition to tuning the short circuit lengths, the frequency of the RF source 
can also be adjusted to achieve matching of the T-resonator. Once the T-resonator is 
matched, a steady-state current generates at the short circuit area where the tested RF 
contact prototype is located. The value of the current is deduced through the voltage 
values measured by voltage probes [127].  
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3.2.2 RF Contact holder  
3.2.2.1 RF contact holder design 
The contact holder is the component that supports the LA-CUT contact during the RF 
test on the T-resonator test bench. This holder has a similar dimension than the ITER 
ICRH antenna central conductor (Figure 3-6). The LA-CUT contact strip is installed 
in the dedicated groove on the contact holder which is made of 316L. Cooling 
channels are included in the holder to remove the RF heat losses during operation. 
Skin effect makes the majority of current flow through the skin surface, so a 100 µm 
thick Cu is deposited on the surface of the RF contact holder to minimize Ohmic loss.  
 
Figure 3-6 RF contact holder design 
The LA-CUT RF contact prototype’s current carrying capability is not only 
influenced by its own geometry, but also restricted by the cooling design of the RF 
contact holder. Design a reliable and sufficient cooling system for the RF contact 
holder is the prerequisite to achieve the performance of the RF contact itself. The 
cooling loop is designed as Figure 3-7 shows. According to ITER design 
specifications, the ITER inlet water temperature is 90°C [126]. 
 
Figure 3-7 Water cooling loop design of the RF contact holder  
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3.2.2.2 Thermal-hydraulic analysis 
The cooling performance of water depends on its flowing state. Compared with 
laminar flow, turbulent flow improves the thermal exchange between the coolant and 
the inner wall of the cooling pipe but induces higher pressure drops at the same time. 
Therefore, it’s necessary to check the feasibility of the selected cooling parameters by 
using fluid and thermal simulation with ANSYS.  
1) Fluid analysis  
 Model and mesh 
The liquid domain was created by filling the cooling channels. Three inflations layers 
were created on the surface of the coolant model for analysis precision consideration 
(Figure 3-8).  
 
Figure 3-8 Fluid analysis model and mesh 
 Material properties 
The physical parameters of 90 ºC water are summarized in Table 3-1. 
Table 3-1 Physical properties of water at 90°C 
Temperature 
[ °C ] 
Density             
[ kg/m
3
 ] 
Specific Heat 
Capacity [ J/kg·K ] 
Viscosity             
[ kg/m·s ] 
Thermal Conductivity         
[ W/m·K ] 
90 955.3 4187 3.15×10
-4
 0.66 
 Boundary conditions 
The following boundary conditions have been applied: 
 At inlet, static pressure = 17 bar, temperature = 90ºC. 
 At outlet, mass flow rate= 0.3 kg/s (case1), 0.5 kg/s (case2) 
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 Analysis results 
Two mass flow rates cases were studied and compared. The pressure and velocity 
distribution of cooling water under these two cases are shown in Figure 3-9. 
 
Figure 3-9 Fluid analysis results under mass flow rates of 0.3kg/s and 0.5kg/s 
Under the mass flow rate of 0.3 kg/s, the pressure drop of the cooling system is 3.4 
bar with a maximum flowing velocity of 15.4 m/s. When the mass flow rate increases 
to 0.5 kg/s, the pressure drop increases significantly to 8 bar. The large pressure drop 
is due to the long cooling pipes with small diameters which cause friction loss. 
Moreover, local diameter sudden changes in the cooling channel cause local pressure 
drops. According to the analysis results, increasing mass flow rate to improve cooling 
performance should be carefully evaluated to avoid high pressure drop.  
The final temperature distribution on the RF contact holder is the final criteria for the 
cooling parameter selection. Thermal analysis was then carried out following the fluid 
analysis.  
2)  Thermal analysis  
Ohmic losses are the main heat source for the RF contact holder, so calculating Ohmic 
losses is the first step for the thermal analysis. When the current flowing through 
conductors, the Ohmic loss P can be expressed as:  
2 2
2 2( )
l
P I R I
r r

 

   
   
                   (3-1) 
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where I is the value of the current (A), r is the radius of the conductor cross-section, δ 
is the value of skin depth and ρ is the electrical resistivity of the conductor material 
(considering that the 100 µm of copper coating are higher than one RF current’s skin 
depth, copper electric resistivity is used, so here ρ =1.68 µΩ·cm), l is the length of the 
conductor. 
As the skin depth is in micrometer scale, therefore, applying all the heat loads on the 
surface of the conductor will not cause large error. The heat loads were applied as heat 
fluxes which are calculated through: 
2
2 2( ) 2
P
q I
S r r r

  
  
    
                 (3-2) 
where S is the outer surface area. 
 Model and mesh 
The thermal analysis model was created as shown in Figure 3-10. 
 
Figure 3-10 RF contact holder thermal analysis model 
 Material properties 
The base material of the RF contact holder is 316L, the material properties are 
summarized in Table 3-2. 
Table 3-2 Material properties of 316L 
Density Young's 
Modulus 
Poisson's 
Ratio 
Thermal expansion 
coefficient 
Thermal 
conductivity 
kg/m
3
 GPa  10
-6
/K W/m·K 
7858 200 0.3 15.3 14.28 
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 Boundary conditions 
The boundary conditions include the heat fluxes calculated from Equation (3-2) and 
heat transfer coefficient (HTC) on the cooling channel surface calculated from the 
fluid analysis. The HTC results obtained from the fluid analysis were mapped to the 
nodes of the thermal analysis model directly and the heat fluxes of different surfaces 
are summarized in Table 3-3.  
Table 3-3 Heat fluxes of different surfaces calculated through Equation (3-2) 
Surface Heat flux （W/m2） 
A 9.24×104 
B 1.01×105 
C 1.06×105  
 Analysis results 
As Figure 3-11 shows, when the mass flow rate was increased from 0.3 kg/s to 
0.5 kg/s, the maximum temperature on the RF contact holder only decreased by 4°C. 
For the two cases, the temperatures at the groove surface areas where the LA-CUT RF 
contact louvers installed are similar (~130°C). So, there is almost no cooling 
performance improvement if the mass flow rate is increased from 0.3 kg/s to 0.5 kg/s. 
The reason is that the temperature distribution on the RF contact holder is not only 
influenced by the coolant’s parameters but also influenced by the thermal conductivity 
of the holder material. Due to the low thermal conductivity of the 316L, even though 
HTC increased under higher mass flow rate, heat loads cannot be transferred 
efficiently from the RF contact holder’s surface to the cooling water. By balancing the 
cooling performance and pressure drop two factors, at last 0.3 kg/s was used during 
the RF tests.  
 
Figure 3-11 Temperature distribution on the RF contact holder 
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3.2.3 LA-CUT prototype RF test results 
Figure 3-12 is the summary of the RF tests results. In this campaign, the target current 
(2.25 kA, @62 MHz) was achieved, but only for short pulse duration around 60s 
which is far less than required (1200 s). At 1.2 kA, steady-state (1200 s) RF operation 
has been obtained without any problem (Figure 3-13). An inspection of the contacts 
has been performed after having reached currents of 1.2 kA and didn’t not show any 
visual damage. Dozens of shots have been performed at currents between 1.4 kA - 
1.7 kA in steady-state regime (higher than 60 s and up to 1200 s) and difficulties to 
ramp-up the current were often found due to arcs. At last, the RF current has been 
increased up to a maximum of 1.9 kA during 300 s, but it was not possible to increase 
the current to larger values. After that, the T-resonator couldn’t be operated, indicating 
that a failure happened on the LA-CUT RF contact.  
 
Figure 3-12 Maximum current achieved on the contact under test versus the total shot duration 
in seconds (in log scale). The marker colour corresponds to the average pressure during (and a 
few seconds after) the shot [127] 
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Figure 3-13 1.2 kA, 1200s operation 
 
Figure 3-14 Status of the LA-CUT RF contact during 1.2 kA, 1200s operation 
In this campaign, besides the RF current monitoring, a camera was installed at the rear 
of T-resonator to get a partial view of the LA-CUT RF contact through an observation 
window. Light emission was observed during these shots, starting after 60 to 120 s 
depending on the shot. Moreover, it was observed that the light emission changed 
both in brightness (increase or decrease) and locations during the shot duration as 
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illustrated in Figure 3-14.  
 
Figure 3-15 Illustration of current flowing in the LA-CUT RF contact during RF tests 
One of the explanations of the light emission is that, during the RF tests, instead of 
flowing through the CuCrZr louvers, part of the current is flowing through the 
stainless steel spring whose electrical resistivity is more than 40 times higher than 
OFHC (Figure 3-15). As a result, the stainless steel spring plate was heated gradually 
till to few hundred degree of centigrade at which visible light generated. With the 
heating of the stainless steel spring (both the ohmic heating and baking), its magnetic 
permeability increased and the RF current can induce significant induction heating in 
the stainless steel spring. Considering the high frequency (~ 62 MHz) in the RF tests, 
induction heating could be a considerable heat load on the stainless steel spring. In 
any case, under high temperature, the mechanical properties of the spring were 
changed which caused the contact force release at the contact areas and induced 
instability of the current flowing in the whole LA-CUT RF contact due to the 
variation of the contact resistance. As a result, the light intensity and position changed 
during the RF operation. With the contact force release, some of the contacts between 
the LA-CUT louvers and the RF conductor were separated, which induced arcing 
phenomenon during the operation.  
3.2.4 LA-CUT RF contact failure analysis 
After 1.9 kA, 300 s shot, the RF contact had been severely damaged (Figure 3-16). In 
order to investigate the failure mechanism of the LA-CUT RF contact prototype, the 
RF contact holder together with the RF contact was disassembled from the 
T-resonator to perform the visual inspection and material analysis. As shown in Figure 
3-16, almost all the RF contact strap was burned and the lower half circle of the RF 
contact was seriously melted. Especially the stainless steel spring on the RF contact 
was locally melted or changed from bright metal color to dark blue, which indicates 
that large current flowed through it during operation and heated the stainless steel part 
to a temperature higher than 1000ºC. This phenomenon confirms the light emission 
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from the RF contact region as observed by the camera.  
 
Figure 3-16 RF contact holder and RF contact after RF tests2 
Burn traces on the whole LA-CUT RF contact strip is not uniform and compared with 
the upper half circle the lower one is much more severe. It indicates that, the current 
density in the lower part was higher than the upper one. A reason to cause such 
difference is a non-concentricity in the assembly of the RF contact holder. Gravity 
force made the electrical contact between the lower half circle of the RF contact more 
compressed to the outer conductor. As a result, the contact resistance at the lower 
contact area is smaller than that of the upper area. Current is prone to flow through the 
area where Rc is smaller. Based on the analysis, the assembly precision is also an 
important factor for the operation of the contact.   
In order to decrease the Rc and protect the CuCrZr louvers from oxidation, a 30 µm 
thick pure silver was deposited on the surface of the louvers by electroplating. After 
RF tests, the color of the louvers’ surfaces turned from silver color to copper color. 
There are two explanations for this phenomenon: the diffusion between CuCrZr and 
silver coating and the silver sputtering from the louver’ surfaces to their counterpart. 
Further analysis was performed by using SEM/EDS towards the cross-section of the 
louver.  
                                                 
2
  I would like to add that LA-CUT is a widely used and high-tech commercial electrical contact. It was not designed 
specifically for ITER application. In this thesis study, LA-CUT was selected to test under ITER relevant conditions. The 
failure presented in this figure doesn’t present the quality of the LA-CUT product and the test results are significantly 
affected by the test conditions as well as the performance of the conductor that the LA-CUT was installed in. The test 
conditions were out of its manufacturing specifications. 
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Figure 3-17 SEM/EDS analysis of a damaged CuCrZr louver after RF test 
Figure 3-17 shows the cross section around the CuCrZr louver, where the thickness of 
the Ag coating is not uniform. In the central area, the thickness of Ag increased from 
30 µm to 106 µm. In the four corners the Ag coating thicknesses decrease and in some 
local area Ag layer disappeared. The interface between Ag and CuCrZr blurred which 
indicates that serious diffusion occurred. In the 106 µm thick Ag coating layer, Cu 
(Cu-riched) phase was observed which is another evidence of Ag-Cu interdiffusion. 
At the corners, the Ag layer is much thinner, which indicates that during operation the 
temperature at the corner area was higher; in other words, the RF current was prone to 
flow through the corners of the louver, which is known the effect of the RF current on 
thin conductors [128]. The serious diffusion of Cu into Ag can induce the increase of 
the coating layer’s electrical resistivity [129, 130] and the decrease of corrosion 
resistance. The operating temperature on the RF contact should thus be minimized to 
achieve steady-state operation. 
3.2.5 LA-CUT RF contact operating temperature study 
As explained in the last section, high heat loads deposition due to Ohmic losses is the 
main reason that caused LA-CUT RF contact failure. High temperature changed both 
the mechanical structure and material composition of the RF contact louvers. Hence, 
in order to achieve steady-state operation, appropriate means should be applied to 
minimize the temperature on the RF contact louver. Decreasing the heat deposition 
and improving cooling performance are the two possible solutions. The factors that 
affect the operating temperature of the RF contact are the contact resistance Rc at the 
contact areas, the thermal conductivities of the RF conductor and RF contact louver 
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materials and the HTC at the cooled surfaces. In order to investigate the relationship 
of these factors with the operating temperature of the RF contact, simulations were 
performed.  
3.2.5.1 Theoretical model 
 
Figure 3-18 Sketch of the ITER RF contact analysis model: (a). thermal-hydraulic model. (b). 
heat transfer network diagram one RF contact louver 
The Figure 3-18 (a) illustrates the ideal RF current flows from the inner conductor to 
the outer conductor through the LA-CUT RF contact louvers. Due to the existing of 
bulk resistance (Rb) and contact resistance (Rc), heat loads were generated. The 
operating environment of the LA-CUT RF contact is high vacuum, so thermal 
convection between the louvers to the surroundings can be ignored. If the RF contact 
works under normal conditions, the operating temperature of the RF contact louvers 
and the RF conductors are in the same order, so thermal radiation between the louvers 
and the environment can be neglected compared with thermal conductance. The heat 
loads are generated at the electrical contact interfaces and are transferred to the inner 
and outer RF conductors, which are actively water cooled.  
The Figure 3-18 (b) depicts the heat transfer network diagram one RF contact louver. 
Touter and Tinner are the temperatures of the outer and inner conductor respectively. 
Cbody, Cfoot and Ctip are the thermal conductivity of the half louver, the foot contact and 
the tip contact. The rate of heat flow of one louver can be expressed as:  
( )outer inner totalT T C                                 (3-3) 
where Ctotal is the equivalent thermal conductivity of one RF contact louver, which can 
be calculated from: 
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Since the base material of the LA-CUT louver is CuCrZr with a thin Ag coating, the 
body thermal conductance is much larger than the thermal conductance at the 
electrical contact area. Assuming that the thermal conductance values at the louver 
foot and tip areas are the same, then Equation (3-4) can be simplified as:  
-1
3
=
2
total
tip
C
C
 
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 
                       (3-5) 
In reference [131], the Ctotal has been measured through experiments to 0.016 W/K. So, 
according to Equation (3-5), the thermal conductance at the foot (tip) contact area is 
0.024 W/K.  
3.2.5.2 Finite element analysis model 
A thermal analysis model was created in ANSYS as shown in Figure 3-19. From 
symmetry consideration, only four RF contact louvers and pieces of conductors were 
considered on a flat holder. For cooling point of view, the thicknesses of the conductor 
should be as thin as possible. However, the cooling channel on the conductors must 
have enough mechanical strength to sustain high cooling water pressure which in 
ITER can reach up to 60 bars. In the analysis model both the thicknesses of the inner 
and outer conductor cooling channel covers were 3.5 mm. The tip contact area per 
louver is 6 mm
2
 and the foot contact area is 2.31 mm
2
.  
 
Figure 3-19 Thermal analysis model of LA-CUT RF contact  
3.2.5.3 Analysis procedure and results 
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By assuming the Rc values at contact areas, the Ohmic losses were calculated under 
DC of 19.6 A/ louver (corresponding to 2.25 kA with 115 louvers, as in the case of the 
worst ITER antenna case). The Ohmic loss on the louver body was also taken into 
account: the calculated Ohmic losses were applied on the related surfaces on the 
model. Active cooling was simulated by applying HTC at the cooling channel 
surfaces of the inner and outer RF conductors. Through static thermal analysis, the 
operating temperature distributions on the RF contact louvers under different Rc 
values (Rc=1 mΩ, 2 mΩ, 4 mΩ, 7 mΩ) were studied. By changing the HTC values, 
the effects of increasing cooling parameter to minimize operating temperature were 
evaluated. Finally, the influence of changing RF conductors’ base material from 316L 
to CuCrZr was studied.  
1) The effects of Rc to the operating temperature 
 Boundary conditions 
 Heat transfer coefficient of the louver tip: 4057 W/ m2·K 
 Heat transfer coefficient of the louver foot: 10570 W/ m2·K 
 Heat transfer coefficient of the cooling surfaces on the inner and outer RF 
conductors and temperatures: 6300W/ m
2·K (cooling water velocity: 0.5 m/s), 
90 ºC 
 Heat fluxes under 19.6A/ louver: as shown in Figure 3-20. 
 
Figure 3-20 Heat fluxes on the louvers 
 Results 
The maximum and minimum temperatures on the RF contact louvers under different 
Rc are shown in Figure 3-21.  
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Figure 3-21 Rc-T relation  
The maximum and minimum temperatures on the RF contact louvers linearly 
increased with the increase of Rc. When Rc is 6.5 mΩ, the maximum temperature 
reaches to 250ºC, which is the steady-state operating limit for CuCrZr. Thus, for ITER 
RF sliding contacts, 6.5 mΩ is the design limit of the Rc.  
2) The effects of cooling parameter to the operating temperature 
In addition to controlling the heat loads, another method to minimize the operating 
temperature is to improve the cooling efficiency. From Figure 3-21, when Rc is 7 mΩ, 
the maximum temperature of the RF contact is 263.7ºC. Keeping all the other 
conditions without change and only increasing the HTC on the RF contact cooling 
surfaces to 12175 W/m
2·K (cooling water velocity: 1 m/s) and 19000 W/m2·K 
(cooling water velocity: 2 m/s), the new temperature distributions on the RF contact 
were obtained (Figure 3-22).  
 
Figure 3-22 Temperature distribution on the RF contact under coiling water velocity of 1 m/s 
and 2 m/s 
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When the cooling water velocity was increased to 1 m/s, to maximum temperature 
decreased by 4ºC and the difference decreased to only 2ºC when cooling water 
velocity was increased from 1 m/s to 2 m/s. According to the analysis results, the 
increasing of water speed can’t decrease the operating temperature of the RF contact 
efficiently. As is explained in section 3.2.2.2, the cooling efficiency is restricted by the 
low thermal conductivity of the RF conductor base material (316L in this case).  
Compared with 316L, CuCrZr has excellent thermal conductivity and similar 
mechanical strength (Table 3-4). So, CuCrZr can be a good candidate to replace 316L 
as the base material of the RF conductor, which is investigated in the next section.  
Table 3-4 Material properties of CuCrZr 
Density Young's 
Modulus 
Poisson's 
Ratio 
Thermal expansion 
coefficient 
Thermal 
conductivity 
kg/m
3
 GPa  10
-6
/K W/m·K 
8900 127.5 0.33 16.72 318 
3) The effects of cooling parameter to the operating temperature 
ITER plasma operation is pulsed operation. Although from the previous static thermal 
analysis, maximum contact resistance of 6.5 mΩ is required to keep the contact to 
temperature lower than 250°C. If the time required for the temperature to exceed 
250ºC is longer than the expected pulse duration (1200 s) the RF contact can still be 
operated safely. Transient thermal analysis was performed to study this point. 
 
Figure 3-23 Transient temperature on the RF contact with different RF conductor base 
materials (Rc=7 mΩ, v=0.5 m/s) 
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The Figure 3-23 has been calculated with a 7 mΩ Rc and a cooling water velocity of 
0.5 m/s. The temperature on the RF contact increases from 90ºC to around 260ºC in 
40 s and reaches steady-state after that. 40 s is far less than 1200 s, which means that 
pulsed operation can’t improve the operating safety of the RF contact. After replacing 
316L to CuCrZr, the time reached steady-state decreased to 20 s. At the same time, the 
maximum temperature decreased by 60ºC to 200ºC .  
3.3 Discussion 
LA-CUT configuration was selected in the latest RF test campaign. Aiming to 
improve the RF contact louver’s structure stability under high temperature application, 
the base material of the louver was changed from pure copper to CuCrZr. In this 
campaign, 1.2 kA, 1200 s operation was achieved, but burn failure occurred at last. 
By visual observation, burn trace was observed on the stainless steel spring and the 
heat loads may have two sources: the ohmic losses generated by the RF current and 
the eddy current. Applying insulating coating between the CuCrZr louver and the 
stainless steel could be helpful for avoiding the RF current flowing through the 
stainless steel part. Solutions should also be found out to prevent the magnetic 
permeability of the spring material from increasing.    
Based on the analysis results, using CuCrZr to manufacture the RF conductor is the 
best option to decrease the operating temperature of the LA-CUT RF contact. 
Therefore, in the following coating performance studies, CuCrZr was selected as one 
of the candidates for the base material. 
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Chapter 4 Thermal stability, electrical and tribological 
characterization of coatings 
In chapter 3, the RF test of LA-CUT contact prototype was performed and through the 
characterization of the damaged louvers, serious metal interdiffusion between Cu and 
Ag was confirmed. Such metal diffusion was caused by the high temperature (>250°C) 
of the louvers during RF operation. Generally, metal diffusion changes the coating’s 
original electrical and chemical properties, which should be avoided. Before operation 
in ITER, RF contacts will be subjected to long periods of high temperature (250°C) 
baking to attain high vacuum. Even if the operating temperature of the RF contact can 
be minimized to below 250°C, long time baking process could still induce serious 
diffusion on the RF contact. Therefore, diffusion characterizations after a long time of 
high temperature baking should be performed. Through FE simulations, Rc was found 
to be an important parameter for RF contact which is affected by the contact material, 
contact force and contact surface state (e.g., wear state). In this chapter, the diffusion 
phenomena between coatings to their substrates and between to contacting coatings 
and the tribological/electrical performances of these coatings were studied.   
4.1 Materials and samples preparation 
4.1.1 Material selection 
Two kinds of base materials and coating materials are respectively foreseen for the 
ITER ICRH antenna. For the RF contact louvers, the selected material is CuCrZr, 
which is material that has both good mechanical, thermal and electrical performance. 
For the RF conductor, 316L is a commonly used material and CuCrZr can be another 
interesting base material whose efficiency to minimize the operational temperature of 
the RF contact louvers was demonstrated in Chapter 3. The electrical functional 
coatings that can be applied to the above materials should have the following 
properties:  
 High thermal and electrical conductivity;  
 Low CoF and wear rate under high vacuum (<10-3 Pa) and high temperature 
(~200°C);  
 High corrosion resistance and high chemical stability.  
On electrical contact industry, Au, Ag and Rh are commonly used, which are also 
interesting for the ITER ICRH RF contact application. The summary of the material 
selection (base + coating) for the following coating characterization study is shown in 
Figure 4-1. 
Chapter 4 Thermal stability, electrical and tribological characterization of coatings 
74 
 
 
Figure 4-1 Overview of material selection for coating characterizations 
4.1.1.1 Au and Au alloys 
Pure Au is one of the most chemically stable precious metals. It exhibits an electrical 
resistivity of 2.32 µΩ∙cm, close to the one of Silver. In its pure form, it’s not very 
suitable for use as a contact material in electromechanical devices because of its 
tendency to stick and cold-weld at even low contact forces [132]. Moreover, the 
hardness value about 70 HV induces too low wear resistance to be used as sliding 
contact material. These factors limit the use of pure Au as an electrical functional 
coating. 
Adding Co or Ni to harden the electroplated Au layer is commonly used in the 
electronics industry [133, 134]. The atom content of Co is usually about 0.3–1.6 at.% 
[135]. Other researchers' results showed that the contact resistance is related with the 
cobalt content: a cobalt content lower than 0.3% is generally recommended. Since 
ITER is a nuclear reactor, the RF contact will be exposed to neutron radiation. Cobalt 
has large activation cross-section and thus can be activated easily. It has a long 
radioactive half-life, which reaches to 5.3 years. ITER requires that the Co content of 
the materials used on plasma facing components should be lower than 0.2 wt.% [114]. 
Alloying Ni into Au matrix has a similar function as Co and there is no limitation of 
Ni content in Au-Ni coating. In the following coating characterizations study, Au-Ni 
coating was selected as one of the coatings on CuCrZr RF contact louvers. 
 
4.1.1.2 Ag and Ag alloys 
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Ag is another well-used contact material. Pure Ag has the highest electrical and 
thermal conductivity of all metals (resistivity: 1.67 µΩcm) and is also resistant against 
oxidation. Electroplated Ag is an excellent functional coating which has good fretting 
and electrical performance at temperatures less than 160°C [136]. Recrystallization at 
temperatures higher than 100°C can degrade the original Ag coating’s mechanical 
properties (e.g., hardness), which could induce wear, cold welding and material 
migration during sliding. Alloying with Cu, Pt, Pd, Ni and W can improve the Ag 
coating’s mechanical properties as well as tarnishing resistance. Ag-Sb, which is also 
called hard silver, is much harder than Ag and its wear resistance is 10 to 12 times 
higher than Ag when Sb content is around 2 wt.% [137]. Besides Au-Ni, hardened 
silver (Ag-Sb) was selected as another RF contact coating in the following study.  
4.1.1.3 Rhodium 
With high resistance to tarnishing and high hardness properties, Rh becomes 
extremely useful as electrical contact material. However, as it’s difficult to be 
fabricated, generally Rh is only used as plating material in light-duty electrical 
contacts where reliability is of the most important thing [138]. In our situation, we 
have two components which require to be coated: the RF contacts and the RF outer 
conductors. During operation, the sliding RF contacts will contact with the RF outer 
conductor directly and slide against it frequently. Due to mechanical sliding, abrasion 
is inevitable. For the ITER ICRH antenna, the expected design lifetime is few years 
and after installation the possibility to change or repair the RF outer conductor is low. 
Nevertheless, the RF contact can be changed if serious abrasion occurred in the 
coating layer. So, for maintenance feasibility consideration, the hard Rh coating (few 
microns only) will be plated on the surface of RF outer conductor to enhance its wear 
resistance. Relatively soft materials (e.g., Au-Ni or Ag-Sb) will be plated on the 
surfaces of the RF contact to improve its electrical contact performance. 
4.1.2 Sample manufacturing  
Table 4-1 shows the three kinds of coating samples that were manufactured with two 
base materials: small CuCrZr and 316L plates (10 mm×8 mm×2 mm) with surface 
roughness Sa (arithmetic mean height) of 0.58 µm and 0.44 µm, respectively; large 
CuCrZr and 316L plates (40 mm×30 mm×2 mm) with surface roughness (Sa) of 
0.77 µm and 0.45 µm, respectively; CuCrZr pin samples with a length of 25 mm, 
diameter of 5 mm and a curved tip surface with a radius of 8 mm with surface 
roughness of 2.1 µm. The coating methods of all the coating samples were 
electroplating.  
The pure Ag coating samples were manufactured by JianYi Diangong
®
, Liuzhou, 
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China and Ag-Sb coating samples were manufactured by Multi-Contact
®
. The Au-Ni 
coating samples and Rh coating samples were manufactured by Radiall
®
 and CERN, 
respectively. Based on Appendix B, metal interdiffusion can easily happen between 
Au and Cu [139] . Therefore, a Ni interlayer was applied on CuCrZr substrates before 
depositing Au-Ni coatings. When Rh coating samples were manufactured in CERN, 
the interlayer material’s selection was only focused on the minimization of coating 
stress and the protection of the Rh electroplating bath (with high acidity that can 
corrode the CuCrZr substrate) from contamination. So, a 0.5 µm Au (an inert material) 
interlayer was applied on CuCrZr substrates and a 3 µm Ni/0.5 µm Au interlayer was 
applied on 316L substrates. However, as Au can readily diffuse with Cu, applying an 
Au interlayer on CuCrZr substrate is not a good idea. 
Table 4-1 List of sample shapes and coatings applied 
 
4.1.3 Characterizations and sample preparation   
4.1.3.1 Thermal aging process 
In order to simulate the ITER baking process, thermal aging treatment was performed 
on the assembled and free coating samples under ITER-specific baking conditions 
(i.e., high-vacuum and high-temperature conditions of 10
-6
 Pa and 250°C, 
respectively). These samples were heated from room temperature to 250°C at a 
heating rate of 1.3°C/min and then aged at 250°C for 500 h. The samples were 
subsequently were cooled down to room temperature at a rate of 0.16°C/min under 
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vacuum (Figure 4-2). Due to the technical problems of the baking oven, at 200 h, the 
temperature of the sample increased to 300°C (around two hours).  
 
Figure 4-2 Clamping system and baking process of diffusion test 
4.1.3.2 Tests planning 
Three tests were performed which include: thermal aging test, diffusion test and 
electrical/tribological test.  
1) Thermal aging test 
After 250ºC, 500 h thermal aging, the changes of different coatings’ mechanical, 
electrical and crystal properties (hardness, wear resistivity, surface quality, crystallite 
size, lattice constant, etc.) were checked.  
2) Diffusion test 
For diffusion tests, the metal diffusion phenomena were investigated between the 
functional coatings to their substrates as well as the diffusion between two functional 
coatings (assembled by mechanical force) after 250ºC, 500h high temperature baking.  
The diffusion test between two coatings (coating on RF contact louver and coating on 
RF conductor) was carried out by assembling the two small plates with a specially 
designed clamping system (Figure 4-2). By adjusting the pre-tightening force of the 
bolts, a 200 MPa mechanical pressure was applied on the coating surfaces to mimic 
the real contact between the two coatings after the RF contact being assembled.  
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3) Electrical/tribological test 
 
Figure 4-3 Procedure of electrical/ tribological tests  
The workflow of the tribological/electrical experiments is shown in Figure 4-3. 
Different thermal aged sample pairs (pin vs. large plate) were evaluated on the 
home-made multifunctional tribometer HV-MTEST. The test sample pairs are listed 
as follows: 
 Pin: CuCrZr (no coating), plate: 316L (no coating); 
 Pin: Au-Ni on CuCrZr, plate: Rh on 316L; 
 Pin: Au-Ni on CuCrZr, plate: Rh on CuCrZr; 
 Pin: Ag on CuCrZr, plate: Rh on 316L; 
 Pin: Ag on CuCrZr, plate: Rh on CuCrZr. 
4.2 Characterization results of thermal stability 
Coatings’ properties change due to thermal treatment, diffusion phenomena between 
coatings and their substrates and between two coatings, are evaluated in the following 
subsections.  
4.2.1 Coating properties changes and diffusion with substrate 
4.2.1.1 Au-Ni on CuCrZr 
1) Surface morphology 
The microstructure of the surface of the original Au-Ni coating was observed under 
×50000 magnification, as shown in Figure 4-4. A grain structure with cauliflower-like 
nodules was observed, with an average grain size of around 20 nm. No coating defects 
such as cracks and pores were observed in the SEM image of the coating. After 
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thermal aging, no noticeable increase in the grain size was observed in the SEM 
image. However, numerous pores (number density: 1.7/µm2) with an average diameter 
of 48 nm were formed on the surface of the coating. During the long period of thermal 
aging, recovery, recrystallization and grain growth occurred in the Au-Ni coating. 
Boundary migration occurred simultaneously and these pores were probably formed 
among the grain boundaries owing to discontinuities of boundary movement [140, 
141]. As these pores were extremely small in size, they did not have any obvious 
effect on the electrical and tribological performances of the coating. 
 
Figure 4-4 Observation results of surface morphology of coating surfaces: (a) SEM image of 
the surface of the original coating, (b) 3D interferometric image of the surface of the original 
coating, (c) SEM image of the surface of the thermally aged coating, (d) 3D interferometric 
image of the surface of the thermally aged coating 
The surface topography of the Au-Ni coating on the CuCrZr substrate was also 
studied. The Sa value of the original coating was about 0.36 µm, which indicated that 
the original Au-Ni coating was smooth. After thermal aging, there was no apparent 
change in the surface roughness of the coating and Sa of the thermally aged coating 
was 0.31 µm. 
2) Crystal structure 
The crystallite size of a coating is closely related to the coating’s mechanical 
properties, e.g., its hardness, which would affect the wear performance of the coating. 
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The grain sizes of the Au-Ni coating before and after thermal aging were studied by 
XRD. 
As shown in Figure 4-5, before thermal aging, peaks of the Au, Cu and Ni phases are 
present in the XRD pattern. The Ni peaks originate from the Ni interlayer of the 
Au-Ni coating and the Cu peaks originate from the substrate. From the (111) peak and 
according to the Scherrer equation [51], the crystallite size is determined to be about 
20.1 nm, with a lattice constant of 0.4058 nm. The right shift of the Au peaks and the 
smaller lattice constant than that of pure Au were caused by the co-deposition of the 
Ni element (which has a smaller atomic diameter), into the Au layer; the higher the 
substitution of Au by Ni, the smaller the Au lattice becomes. The Au (111) peak 
shifted by 0.03° in the low-θ direction, which may have been caused by the diffusion 
of Cu atoms (whose atomic radius is larger than that of Ni) into the Au-Ni layer.  
In comparison to the XRD pattern of the initial sample, after thermal aging, the 
FWHM of the Au peaks did not decrease noticeably, which means that the Au-Ni 
coating remained fairly unchanged during thermal aging, without severe grain 
coarsening. The crystallite size was calculated from the Au (111) peak to be about 
24.4 nm. The lattice constant of the Au–Ni coating after thermal aging was 0.4062 nm. 
Grain coarsening did not have any significant effect on the hardness of the coating. 
The crystallite size of the Ni interlayer was calculated from the Ni (200) peak. 
Obvious grain coarsening of the Ni interlayer was observed, which indicats that after 
the long-term thermal aging, the crystallite size of the Ni interlayer increased from 
14.4 nm to more than 100 nm. 
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Figure 4-5 XRD pattern of Au-Ni coating on CuCrZr (original and thermally aged) 
3) Hardness and elastic modulus 
Nanoindentation tests were conducted to evaluate the Au-Ni coating’s hardness and 
elastic modulus. The CuCrZr substrate and Ni interlayer may influence the measured 
mechanical properties, especially the elastic modulus, during the indentation of the 
Au-Ni coatings; therefore, the penetration depth should be kept smaller than 1/10th of 
the thickness of the Au-Ni coatings [142]. In view of this requirement of the 
penetration depth, a peak load of 7 mN was applied. In all cases, under the peak load 
of 7 mN, the loading rate and unloading rate were set to the same value of 14 mN/min. 
During the nanoindentation tests, when the loads reached 7 mN, the maximum loads 
were maintained for 60 s to observe the creep of the coatings. The Vickers hardness of 
the coatings was calculated using the obtained indentation hardness (HV ≈ HIT/10.8). 
The Poisson’s ratio of the Au-Ni coatings was assumed to be 0.3. In order to enhance 
the reproducibility of the measured results, on each sample, measurements were 
performed 10 times at different selected positions.  
From the load–displacement curves in Figure 4-6, it can be seen that the results of the 
10 measurements on the original coating, especially during loading, were more 
homogenous than those on the thermally aged coating. It has been reported that 
differences in surface roughness lead to dispersion of loading curves [143]. However, 
in this study, the original and thermally aged coatings had similar surface roughness 
values. Thus, the large dispersion of the load–displacement curves for the thermally 
aged coating was caused by other factors. Physical (thickness) and chemical 
(composition) changes that occurred in the Au-Ni coating after thermal aging may be 
the possible explanations of this dispersion. In addition to the large scattering of the 
residual indentation depths for the thermally aged coating as obtained from its load–
displacement curves, another obvious difference from the original coating was 
Chapter 4 Thermal stability, electrical and tribological characterization of coatings 
82 
 
observed: a decreased residual indentation depth. A smaller imprint depth indicates 
that the hardness of the thermally aged coating increased. In addition, during the load 
hold period, the thermally aged coating showed better creep resistance than the 
original coating because of the smaller creep deformation of the former. The elastic 
modulus and hardness of the original Au-Ni coating were calculated to be 133.3 ± 4.6 
GPa and 267.7 ± 19.0 HV, respectively. These values changed to 135 ± 8.0 GPa and 
371.2 ± 36.1 HV, respectively, after thermal aging. 
 
 
Figure 4-6 Nanoindentation load–displacement curves of Au-Ni coatings: (a) original coating, 
(b) thermally aged coating 
4) Diffusion 
Changes in the material properties and coating heterogeneity on the thermally aged 
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Au-Ni coating were observed by the nanoindentation tests. The reasons for the 
occurrence of these phenomena were investigated by SEM-EDS. Specifically, EDS 
area mapping and EDS line were performed at the coating interface on the 
cross-sections of the mechanical polished samples. Further, the phenomenon of 
material interpenetration between different coating layers due to diffusion was 
observed. Quantitative EDS point analyses were performed to determine the coating 
compositions.  
 
Figure 4-7 Results of SEM-EDS mapping and line scan at coating interfaces: (a, d, g) SEM 
images of original coating, thermally aged coating at position 1 and thermally aged coating at 
position 2; (b, e, h) EDS mapping images of original coating, thermally aged coating at position 
1 and thermally aged coating at position 2; (c, f, i) element profiles along lines 1, 2 and 3 
As shown in Figure 4-7, in the case of the original coating, the interfaces between 
Au-Ni/Ni and CuCrZr/Ni substrate were clearly observed with high contrast and no 
obvious broad transition layers between the coating layers and their alloy substrate 
were observed. The element depth profiles showed the presence of a small amount of 
Cu, in addition to Ni, in the Au-Ni coating. The original thickness of the Au-Ni 
coating was about 3.5 µm and as mentioned earlier a 4.3-µm-thick Ni interlayer was 
applied. Indeed, after thermal aging, considerable diffusion occurred at the CuCrZr/Ni 
interface and the Ni/Au-Ni interface. Obvious penetration of Ni into the Au-Ni layer 
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was observed at different locations, which caused blurring of the bonding interface 
and a decrease in the thickness of the Au-Ni coating. Through statistical analysis, the 
remaining thicknesses of the Au-Ni and Ni layers were determined to be 1.84 ± 
0.46 µm and 3.04 ± 0.42 µm, respectively.  
The considerable diffusion of Ni into the Au-Ni layer can be explained as follows: 
during the thermal aging at 250°C for 500 h, the migration of the Ni atoms from the 
Ni interlayer to the Au-Ni layer was accelerated and the oversaturated Ni soluted in 
the Au matrix and precipitated from this matrix to form a Ni-rich phase. In some areas, 
the Au-Ni layer had already disappeared and subsequently appeared on the top surface. 
Interdiffusion between the Ni interlayer and the CuCrZr substrate was also observed 
and many voids (Kirkendall voids [144]) were formed because of this interdiffusion 
(Figure 4-7 (g) and Figure 4-7(h)). The occurrence of this phenomenon was also 
reflected in the element depth profiles, which showed a broadening of the transition 
layers of Ni and Cu after thermal aging.  
The obvious diffusion of Ni into the Au-Ni layer could be one of the reasons for the 
increase in the hardness of the Au-Ni coating after thermal aging via two hardening 
mechanisms: solid-solution hardening and precipitation hardening [145, 146]. 
Moreover, the thickness of the Au-Ni layer decreased in several local areas after the 
thermal aging process; therefore, the increase in the hardness of the Au-Ni layer after 
thermal aging was probably due to the effects caused by the Ni interlayer (the indenter 
tip was pressed into the Ni interlayer or near to the Ni interlayer), which has similar 
hardness values than the values measured, as reported previously [147].  
Quantitative EDS point analyses were performed and the diffusion phenomenon was 
studied via analysis of the chemical compositions of the coating surfaces (Figure 4-8). 
Before thermal aging, the composition was 2.09 wt.% Ni, 1.59 wt.% Cu and 96.32 wt.% 
Au. The 2.09 wt.% Ni that alloyed into the coating increased the hardness of the Au 
matrix significantly. After thermal aging in high vacuum, the Ni content on the 
coating surface increased to 3.24 wt.% owing to metal diffusion. At a local position 
(position C in Figure 4-8 (e)), a sharp increase in the Cu content from 1.59 wt.% to 
46.35 wt.% was observed, which indicated that the CuCrZr substrate had invaded into 
the Au-Ni coating and became exposed to the surroundings without the protection of 
the coating. Exposure of the Cu present on the Au-Ni coating surface can degrade the 
corrosion resistance of the RF contacts when they are exposed to air during assembly 
and maintenance. Direct contact between Cu and Au can result in the formation of 
intermetallic compounds. Consequently, the electrical and tribological performances 
of the Au-Ni coating are degraded after thermal aging. 
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Figure 4-8 SEM/EDS analyses of Au-Ni coating: (a, c, e) SEM images of surfaces of original 
Au-Ni coating, thermally aged Au-Ni coating (×1000) and thermally aged Au-Ni coating 
(×8000), respectively; (b, d, f) EDS spectra of area A, area B and point C in, respectively 
5) Adhesion 
 
Figure 4-9 Scratch tests results of Au-Ni coating on CuCrZr substrates: (a, d) Acoustic 
emission and CoF signals of original and thermally aged samples, (b, e) Optical microscope 
images of scratch tracks of original and thermally aged samples, (c, f) SEM micrographs of 
cracks on the scratch tracks of original and thermally aged samples 
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As wear protective coating, the wear performance of Au-Ni determines its lifetime. 
Adhesion performance of coating reveals its wear resistance. Three scratch tests were 
performed on the original sample and thermally aged sample respectively. There were 
no apparent transitions observed on the acoustic and CoF signals, which meant no 
cracking phenomenon occurred during scratch tests (Figure 4-9). The critical load of 
the original Au-Ni coating was 15.8±2.6 N and the thermally aged one was 17.1±0.72 
N. With lower coating thickness and diffusion voids, the critical load of the Au-Ni 
coating after thermal aging still increased. The increase of critical loads after thermal 
aging was probably caused by the hardness increase of the Au-Ni coating. 
4.2.1.2 Ag-Sb on CuCrZr 
1) Surface morphology 
 
Figure 4-10 Coating surface morphology: (a, b) SEM image and 3D interferometric image of 
the original coating surface, (c, d) SEM image and 3D interferometric image of the thermally 
aged coating 
Figure 4-10 shows the surface morphology of the Ag-Sb coating on CuCrZr. There are 
no obvious coating defects observed. After thermal aging, no noticeable change 
happened on the Ag-Sb coating surface. The surface roughnesses of the Ag-Sb coating 
before and after thermal aging are 1.13 µm and 1.08 µm respectively.  
2) Crystal structure 
As shown in Figure 4-11, only Ag peaks were observed on the original coating. 
Although Sb was co-deposited into the Ag coating, as the Sb atom’s radius (141 pm) 
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is similar to Ag atom’s radius (144 pm) and the Sb content (1.1 at.%) is low, the lattice 
structure of Ag was not obviously changed. The crystallite size of the Ag-Sb coating 
was 24 nm (from (111) peak) with a lattice constant of 0.4091 nm. After thermal 
aging, the remarkable change was the sharpening (with smaller FWHM) of all the Ag 
peaks which was caused by the significant grain coarsening. With the growing of 
grain size, more peaks were observed and peak intensities increased. Based on the 
peak positions, before and after thermal aging, there was no compositional change in 
the coating observed. After thermal aging, the grain size of the coating grew 
significantly which was higher than 100 nm. Even though the Scherrer equation can 
only be applied when the crystallite sizes are lower than 100 nm, the crystallite size of 
Ag-Sb coating was still calculated based on the peak (111) to evaluate the effect of 
thermal aging. After 250ºC, 500 h thermal aging, the crystallite size of Ag-Sb 
increased nearly 8 times to 199 nm. The grain size growing would obviously impair 
the hardness of Ag-Sb coating.  
 
 
Figure 4-11 XRD pattern of Ag-Sb coating on CuCrZr (original and thermally aged) 
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3) Hardness 
The hardness of Ag-Sb coating was measured by using microhardmeter with test force 
of 10 gf. Five measurements were performed both on the original and thermally aged 
samples respectively. The measurement results are shown in Table 4-2.  
Table 4-2 Hardness measurement results of Ag-Sb coating on CuCrZr 
Sample Test No.1 Test No.2 Test No.3 Test No.4 Test No.5 
Original 188.3 195.8 190.8 201 198.4 
Thermally aged 63.1 63.6 69.9 66.5 66.5 
The average hardness of the original coating is 194.8 HV0.01. The alloying of Sb  
improved the hardness of the Ag coating significantly compared with conventional Ag 
coating whose hardness is around 100 HV. However, after thermal aging, the average 
hardness of Ag-Sb coating decreased to 65.9 HV0.01. The hardness degradation of 
Ag-Sb coating was caused by the significant grain coarsening during thermal aging. 
After 500 h, 250°C thermal aging treatment, the hardness of Ag-Sb coating was 
similar to the hardness of pure Ag after heat treatment reported by other researchers 
[148]. Thus, for ITER ICRH RF contact application, there will be no advantages of 
applying Ag-Sb alloy coating instead of pure Ag to improve its wear resistance. 
4) Diffusion 
 
Figure 4-12 Results of SEM-EDS mapping and line scan at coating interfaces: (a,c) EDS 
mapping images of the original coating and the thermally aged coating, (b, d) Element profiles 
along lines 1 and 2  
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Based on the Ag-Cu binary phase diagram, below 300°C, the solubility between Ag 
and Cu is very low. As shown in Figure 4-12, although there was no diffusion barrier 
applied between Ag-Sb and CuCrZr, the coating interface was very clear. After 
thermal aging, the coating interface had a slight increase (around 1 µm). However, the 
coating interface was still bright and there were no voids generated. 
4.2.1.3 Rh on CuCrZr 
1) Surface morphology 
 
Figure 4-13 Surface morphology of the Rh coating on CuCrZr substrate: (a, d) SEM images of 
original coating and thermally aged coating (×1,000), (b, e) Cracks on the original coating and 
thermally aged coating processed by Image J, (c, f) SEM images of original coating and 
thermally aged coating (×50,000) 
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As shown in Figure 4-13, on the Rh coating’s SEM view under magnification of 
×1000, columnar ridges were observed on the surface of Rh coating and the coating 
was very dense without pores. Very few narrow cracks were observed, which were 
mainly induced by the chemically generated internal stresses which usually arise 
during the coating’s fabrication process and highly correlated with the processing 
conditions [136, 149, 150]. Actually, one of the most serious disadvantages of 
electroplating is the presence of high internal stresses that can lead to cracking in the 
coating [18]. In order to quantify the cracks, two parameters were used which include 
the crack width and crack area proportion. The cracking susceptibility was evaluated 
by the proportion of cracks area per surface area of coating which can be processed 
and calculated through Image J software [151]. After thermal aging, the number of 
cracks on the Rh coating increased significantly and the crack width enlarged. The 
area proportion of cracks increased from 0.14% to 1.15% with crack width increasing 
from 100 nm to 400 nm. Moreover, the cracks have obvious parallel distribution 
characteristic.  
The explanation of crack generation and propagation during thermal aging treatment 
is the tensile thermal stresses’ relaxation. As illustrated in Figure 4-14, after plating, 
the coating is assumed to be low-stress coating or coating without stress. While during 
baking, due to the large difference of coefficient of thermal expansion (CTE) between 
Rh and CuCrZr substrate (Table 4-3), Rh coating acted as a constraint to CuCrZr for 
thermal expansion and as a result, high tensile stress is generated in the Rh coating 
[152, 153]. When the thermal stress in the coating is higher than the coating’s strength, 
cracking or fracture occurs. Especially for the materials which have low ductility in 
property such as Rh, their deposits are inherently brittle because they contain cracks 
that readily lead to fracture. The initial cracks in the Rh coating are unstable and they 
can spread rapidly without causing obvious plastic deformation. The directions of 
crack generation are almost perpendicular to the direction of the applied tensile stress 
caused by the thermal stresses, which include the crack propagation tendencies to the 
top surface of the Rh coating and parallel to the coating surface. With the cracks 
generation and propagation, the thermal stresses in the coating assembly are released. 
Applying a relative soft interlayer whose CTE is between Rh and CuCrZr is a 
practical solution to minimize the thermal stress in the Rh layer [154, 155]. So, in 
addition to avoiding Rh bath contamination due to its corrosion to the CuCrZr 
substrate, the 0.5 µm thick Au layer is applied between the Rh coating and CuCrZr 
substrate to release coating stress. 
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Figure 4-14 Failure mechanism of the Rh coating during baking 
Table 4-3 Main material properties of Rh, CuCrZr and Au at room temperature 
Property Material 
Rh CuCrZr Au 
CTE (×10
-6
/K) 8.2 16.7 14.2 
Young’s Modulus (GPa) 372 127.5 76.6 
Poisson’s Ratio 0.26 0.33 0.42 
Under a magnification of ×50000, dense acicular grains, with an averaged size of 
200 nm in length and 50 nm in width were observed. After 250 °C, 500 h thermal 
aging, the acicular morphology of the Rh coating was not changed and the average 
size of the acicular structures was similar with the initial coating. The fine-grained 
deposit structure of Rh increases the tendency of crack generation since the plastic 
deformation that occurs primarily by dislocation motion can be significantly impeded 
by the abundance of grain boundaries. 
In addition to the cracking phenomenon, thermal aging changes the surface roughness 
of the Rh coating. After thermal aging, the surface roughness (Sa) increases from 
0.44±0.02 µm to 0.65±0.08 µm, which may be induced by the diffusion at the coating 
interface.  
2) Crystal structure 
The crystallite size of the Rh coating before thermal aging is about 7.5 nm, with a 
lattice constant of 0.3787 nm. Cu (Cu alloy) peaks are observed in the pattern due to 
the X-ray penetration into the base material of the Rh coating (Figure 4-15). 
Compared with the initial sample, after thermal aging, the phenomenon of the Rh 
pattern peaks shifting to high θ direction weakened, which is caused by the diffusion 
of Au layer into the Rh layer (after thermal aging, the content of Cu in Rh increased 
significantly which raised the solid solubility of Au in Rh). The melting point of Rh is 
1966ºC, so 500 hours of thermal aging at 250ºC would not influence the crystallite 
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size of the Rh coating too much. The crystallite size grows to 11.3 nm during thermal 
aging with a lattice constant about 0.3802 nm. No Au peaks found from the XRD 
pattern which means that the thin Au layer had diffused into Cu base and no Au or 
Au-based alloy exist. The diffusion aspect is discussed in section 4). 
 
Figure 4-15 XRD patterns of Rh coatings on CuCrZr substrates (original and thermally aged) 
3) Hardness 
The reason that Rh is widely applied as wear protective coating is due to its extremely 
high hardness characteristic. Through crystal structure characterization, the diffusion 
of Cu into Rh layer was observed and the crystallite size increase of Rh was validated. 
There are two factors that affect the hardness of the Rh coating after thermal aging: (i) 
crystallite coarsening that could decrease the Rh coating’s hardness and (ii) the 
solid-solution hardening effect due to Rh-Cu interdiffusion that could increase the Rh 
coating’s hardness. The hardness of Rh coating was measured by using 
microhardmeter with test force of 20 gf. As shown in Figure 4-16, the hardness of the 
Rh coating after thermal aging is 421.8±22.3 which is obviously higher than the 
hardness 375.5±16.4 of the original Rh coating. Cracks were observed around the 
impressions both on the original and thermal aged Rh coatings, which were mainly 
caused by the large gap of hardness between Rh and CuCrZr. The hardness of CuCrZr 
substrates before and after thermal aging was measured and their hardness was around 
154 without change. Therefore, based on these results, the hardness increase after 
thermal aging indicates that the solid-solution hardening effect of Cu diffused into Rh 
crystal lattice was the dominant factor to affect the hardness of the Rh coating.  
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Figure 4-16 Measurement of Vickers hardness of Rh coating and CuCrZr substrate 
4) Diffusion 
 
Figure 4-17 Mapping and depth profile of the Rh coating on CuCrZr substrate: (a) EDS 
mapping of original sample section, (b) Elements profiles along line1, (c) EDS mapping of 
thermally aged sample section,(d). Elements profiles along line2 
The EDS mapping of the Rh coating on CuCrZr substrate as plated is shown in Figure 
4-17 (a). On this sample, the Rh layer and CuCrZr substrate have a clear coating 
interface without any pores observed. About 0.5 µm of Au interlayer was applied to 
improve adhesion performance of Rh on CuCrZr. The thickness of the Rh layer is 
about 3 µm. Figure 4-17 (b) is the elements’ depth profiles along line 1, good bonding 
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interfaces can be proved by the abrupt changes of curves at the coating interfaces. As 
shown in Figure 4-17 (c), after thermal aging, serious diffusion happened at the Rh 
and CuCrZr interface and voids generated. The diffusion both happened between 
Au/Cu and Rh/Cu. Due to the large amount of Cu that diffused into Rh layer and the 
voids’ generation, at some positions the thickness of the Rh layer increased from 3 µm 
to about 4 µm and the surface roughness of Rh coating increased. Based on the 
elements profiles (Figure 4-17 (d)), thickness increase of the Rh layer was observed 
and serious diffusion of Cu into Rh was proved. The Cu atoms that diffused into the 
Rh layer had also increased the solid solubility of Au in the Rh layer. The significant 
diffusion phenomenon proves that solid-solution hardening induced the hardness 
increase of Rh coating after thermal aging. For tribological point of view, the hardness 
increase can improve the Rh coating’s wear resistance. As Cu/Ni interface is more 
stable than Au/Cu interface, replacing Au interlayer by Ni could be a solution to 
minimize the diffusion issue.  
In order to quantify the Cu diffusion into Rh, EDS point (point A and point B in 
Figure 4-17) analyses were performed and the diffusion phenomenon was studied 
through analyzing the chemical compositions of the Rh coating. Before thermal aging, 
the compositions in the Rh coating were: Cu-2.67 wt.%, Rh-97.33 wt.%. However, 
after thermal aging, the Cu content increased significantly to 12.89 wt.%. 
5) Adhesion 
 
Figure 4-18 Scratch tests results of Rh coating on CuCrZr substrates: (a, d) Acoustic emission 
and CoF signals of original and thermally aged samples, (b, e) Optical microscope images of 
scratch tracks of original and thermally aged samples, (c, f) SEM micrographs of cracks on the 
scratch tracks of original and thermally aged samples 
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The voids generated at the coating interface due to diffusion may degrade the 
attachment performance of Rh coating on CuCrZr substrate. Consequently, the wear 
resistance of the Rh coating would be deteriorated. Scratch tests were performed to 
evaluate the effects of thermal aging on Rh adhesion and the results are shown in 
Figure 4-18. 
The failure of Rh coating on CuCrZr substrate during scratch tests presents a typical 
mechanical behavior of a hard and brittle coating film deposited on the soft substrate, 
whose main failure phenomenon is coating cracking through the whole thickness. For 
the original Rh coating on CuCrZr, with the increase of the test load, angular cracking 
occurred and then tensile cracking was observed. At around 13 N, obvious transitions 
on the signals of acoustic emission and CoF happened. Based on SEM observation, 
the dense tensile cracks turned to massive Rh delamination at that time. Based on 
statistical analysis, the critical load of original coating on CuCrZr substrate is 13.0 ± 
1.4 N. However, for the samples that baked at 250ºC for 500 h, there are no obvious 
transition points on the acoustic emission and CoF curves. Through SEM microscopic 
observations, on the scratch track, there were no regular cracks generated. Mesh 
cracking generated at the beginning of the scratch test and its critical load is 
9.6 ± 0.7 N. The degeneration of the Rh coating’s adhesion performance is caused by 
two reasons: the cracks generated during thermal aging and a large number of holes 
existing at coating interface due to Kirkendall effect. The exiting of holes and original 
cracks impairs the supporting of the base material (CuCrZr) to the Rh coating. 
Therefore, cracks generated faster without any direction of orientation and peeling 
happened earlier.  
4.2.1.4 Rh on 316L 
1) Surface morphology 
As shown in Figure 4-19, cracks were observed on the surface of the coating and the 
crack width was uniform (about 100 nm). These cracks were mainly induced by the 
chemically generated stresses which occurred during the coating’s electroplating 
process [136, 149, 150]. The proportion of the cracks is about 0.55%. By observing 
under high magnification, the Rh coating surface consists of dense acicular grains, 
with the averaged size of 200 nm in length and 50 nm in width.  
After the thermal aging process, the most significant change of the coating surface is 
the increase in the proportion of cracks, which increased from 0.55% to 4.56%. Two 
main factors cause the increase of the cracking proportion which is the crack width 
enlarging of original cracks and the generation of new cracks. The crack width of the 
original cracks turned from 100 nm to nearly 2 µm due to the tensile thermal stress 
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relaxation in the Rh coating, whose mechanism had been explained in the last section.   
 
Figure 4-19 Surface morphology of the Rh coating on 316L substrate: (a, d) SEM images of 
original coating and thermally aged coating (×1,000), (b, e) Cracks on the original coating and 
thermally aged coating processed by Image J, (c, f) SEM images of original coating and 
thermally aged coating (×50,000) 
2) Crystal structure 
 
Figure 4-20 XRD patterns of Rh coatings on 316L substrates (original and thermally aged) 
The crystallite size of the Rh coating before thermal aging is about 7 nm, with a 
lattice constant of 0.3795 nm. In Figure 4-20, austenite peaks were found in the 
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pattern due to the cracks on the Rh coating surface as well as the X-ray penetration. 
For the same reason, a small amount of Au was found as it acts as the interlayer 
between Rh and 316L. The crystallite size grew to 15 nm during thermal aging with a 
lattice constant of about 0.3795 nm. The peak intensity increased after thermal aging 
is due to the reduction of the microstructural defects and the consequent improvement 
of the film crystallinity [156]. 
3) Hardness 
The hardness of Rh coating on 316L was measured under a test force of 30 gf. The 
measurement results are shown in Table 4-4.  
Table 4-4 Hardness measurement results of Rh coating on 316L 
Sample Test No.1 Test No.2 Test No.3 Test No.4 Test No.5 
Original 572.3 511.2 611.1 636.3 626.1 
Thermally aged 667.7 691.6 640.6 667.7 627.7 
The averaged hardness of the Rh coating on 316L is 591 HV0.03. After thermal aging, 
the hardness of the Rh coating increased to 659 HV0.03. The reason that caused the 
hardness increase could be the diffusion of Fe and Ni atoms into the Rh layer which 
generated solid strengthening effect.  
4) Diffusion 
The EDS mapping of Rh on 316L as plated that is shown in Figure 4-21 (a) indicates 
that a 4.27 µm thick Rh with a 2.4 µm thick Ni interlayer and a 500 nm thick Au 
strike were electroplated on the 316L substrate. After thermal aging, the material 
interfaces are still clear without obvious diffusion happened. The enlarging of cracks 
in the Rh layer was observed and these cracks initiated in the Rh layer at the 
beginning and extended into the Ni interlayer. This crack propagation phenomenon 
indicates that the attachment performance of Rh on Ni is good. Although cracks grew 
after thermal aging, no peeling phenomenon of Rh from its substrate observed. Based 
on the binary phase diagrams, for Rh-Au there is nearly no solid solubility over the 
entire range of composition and for Au-Ni their solid solubility is very low when the 
temperature is lower than 200ºC. The good stability of Rh/Au and Au/Ni coating 
interfaces was confirmed through the elements depth profiles shown in Figure 4-21 (c) 
and Figure 4-21 (d). The Ni/316L interface was modified due to thermal aging and the 
interfacial layer enlarged by 1µm.  
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Figure 4-21 Mapping and depth profile of the Rh coating on 316L substrate: (a) EDS mapping 
of original sample section, (b) Elements profiles along line1, (c) EDS mapping of thermally 
aged sample section, (d). Elements profiles along line2 
5) Adhesion 
 
Figure 4-22 Scratch tests results of Rh coating on 316L substrates: (a, d) Acoustic emission and 
CoF signals of original and thermally aged samples, (b, e) Optical microscope images of 
scratch tracks of original and thermally aged samples, (c, f) SEM micrographs of cracks on the 
scratch tracks of original and thermally aged samples 
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Before thermal aging, the critical load of the Rh coating is 13.8 ± 6.6 N. The large 
data dispersion was caused by the existing of large amount of cracks in the Rh coating, 
which increased the randomness of Rh coating delamination. After thermal aging, the 
critical load decreases to 11.3 ± 3.5 N. There is no obvious adherence performance 
degradation of the Rh coating observed after thermal ageing, which is an interesting 
result for the ITER application. 
4.2.2 Diffusion between coatings 
In section 4.2.1, thermal aging effects on the four coatings (Au-Ni on CuCrZr, Ag-Sb 
on CuCrZr, Rh on CuCrZr and Rh on 316L) were studied separately. In ITER, the RF 
contact louver will be contacting with the surface of an RF conductor by applying an 
additional force. So, the above four coating samples can generate four kinds of 
assembly combinations:  
1. Au-Ni on CuCrZr vs. Rh on 316L,  
2. Au-Ni on CuCrZr vs. Rh on CuCrZr,  
3. Ag-Sb on CuCrZr vs. Rh on 316L,  
4. Ag-Sb on CuCrZr vs. Rh on CuCrZr.  
During 250ºC thermal aging, diffusion between the two coatings can generate cold 
welding. When mechanical sliding starts between these two cold welded coatings, 
tearing or delamination may occur on the coatings. Thus, it’s necessary to evaluate the 
diffusion phenomena between the above coating assemblies beforehand.  
4.2.2.1 Au-Ni on CuCrZr vs. Rh on 316L 
As shown in Figure 4-23, the surface morphologies of the Rh and Au-Ni surfaces are 
similar to their morphologies after thermal aging without assembling. No coating 
delamination happened and no obvious diffusion has been observed between the two 
surfaces. Based on the Au-Rh binary phase diagram (Appendix B), Au and Rh are 
immiscible in almost the entire composition range. In other words, metal diffusion 
between Au and Rh pair is very low and the effects caused by the Au/Rh diffusion on 
the electrical contact performance can be ignored.  
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Figure 4-23 SEM images of Au-Ni (on CuCrZr) surface and Rh (on 316L) surface: (a) Au-Ni 
surface ×1,000, (b) Au-Ni surface ×10,000, (c) Rh surface ×1,000, (d) Rh surface ×10,000 
4.2.2.2 Au-Ni on CuCrZr vs. Rh on CuCrZr 
 
Figure 4-24 SEM and EDS mapping of Au-Ni (on CuCrZr) and Rh (on CuCrZr): (a) SEM 
image of Au-Ni surface, (b) EDS mapping of Au-Ni cross-sectional surface, (c) SEM image 
of Rh surface, (d) EDS mapping of Rh cross-sectional surface 
When the thermal aging process had finished, the two samples had been cold welded 
together, indicating that serious diffusion happened between the two coatings. On the 
Au-Ni surface (Figure 4-24 (a)), the original dense coating turned to be porous with 
material loss. As shown in Figure 4-24 (b), at some positions, large pieces of Rh 
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debris were attached on the Au-Ni surface due to cold welding. In ITER,  such 
attachment and peeling are very harmful to the RF conductor, as its functional coating 
can be removed fast.  
In the previous section, Rh-Au has been proved without diffusion after 250ºC, 500 h 
thermal aging. Therefore, the serious diffusion here should not be caused by Rh-Au 
diffusion. By making a cross-section of the Rh coating and doing an element scanning 
from the Rh coating surface to the CuCrZr substrate, large amount of Cu was 
observed in the Rh coating. Thus, the cold welding didn’t happen between Rh and Au 
but occurred between Au and Cu (from the CuCrZr substrate of Rh). The diffusion of 
Cu into the Au-Ni layer can degrade the Au-Ni coating’s electrical conductivity due to 
the occurrence of intermetallic compounds. 
4.2.2.3   Ag-Sb on CuCrZr vs. Rh on 316L 
 
Figure 4-25 SEM and EDS mapping of Ag-Sb (on CuCrZr) and Rh (on 316L): (a) SEM image 
of Ag-Sb surface, (b) EDS mapping of Ag-Sb cross-sectional surface, (c) SEM image of Rh 
surface, (d) EDS mapping of Rh cross-sectional surface 
From the Ag-Rh binary phase diagram, the solid solubility of Rh in Ag under 250°C is 
very low. However, the solid solubility of Ag in Rh under the same temperature is 
about 10 wt.%. So, during the diffusion test, diffusion between Ag and Rh happened 
and cold welding between the two coatings’ surfaces occurred. As shown in Figure 
4-25, when the two samples were disassembled, debris of Ag-Sb remained attached on 
the Rh surface. Because the diffusion rate of Ag into Rh was much higher than Rh 
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into Ag, Kirkendall voids generated on the Ag-Sb surface. There was no delamination 
of Rh from 316L substrate observed, which indicates that the adhesion performance of 
Rh is high. Cold welding and pores on the Ag-Sb surface can impair its wear 
resistivity and applying thicker Ag-Sb coating could prolong its lifetime.  
4.2.2.4 Ag-Sb on CuCrZr vs. Rh on CuCrZr 
 
Figure 4-26 SEM and EDS mapping of Ag-Sb (on CuCrZr) and Rh (on CuCrZr): (a) SEM 
image of Ag-Sb surface, (b) EDS mapping of Ag-Sb cross-sectional surface, (c) SEM image 
of Rh surface, (d) EDS mapping of Rh cross-sectional surface 
Due to the diffusion of Ag into Rh, a similar phenomenon occurred on the surfaces of 
the Ag-Sb as introduced in section 4.2.2.3. The only difference is that Rh debris with 
thickness around 3 µm was observed on the Ag-Sb surface (Figure 4-26). Rh peeling 
was also observed from the SEM image of the Rh surface. As the Rh sample 
mimicked the RF conductor which is a large part with low maintainability, the peeling 
of Rh is not acceptable.   
4.2.3 Discussion 
Four kinds of commercial coatings were intensely studied, which include: Au-Ni on 
CuCrZr, Ag-Sb on CuCrZr, Rh on CuCrZr and Rh on 316L. The first two were used 
to mimic the RF contact louver and the other two were used to mimic the RF 
conductor.  
 Au-Ni coating showed good performance in grain size stability. However, severe 
invasion of Ni into the 3.5-µm-thick Au-Ni layer was caused by metal 
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interdiffusion. Moreover, the Cu phase was observed in some areas on the top 
surface of the Au-Ni coating. This diffusion phenomenon may degrade the 
performance of the Au-Ni coating, e.g., its oxidation resistance and wear 
resistance. Increasing the thickness of the Au-Ni coating or applying a more 
effective diffusion barrier between Au-Ni and CuCrZr substrate are possible 
solutions to improve Au-Ni coating’s performances. For the aspect of diffusion 
resistance between the Rh coating of the opposite RF conductor, Au-Ni is a 
perfect candidate.   
 Ag-Sb showed good diffusion resistance with CuCrZr substrate, which is very 
important for ITER ICRH RF contact application. However, during the thermal 
aging process, significant grain coarsening occurred and its hardness decreased 
more than 60%. The advantage of alloying Sb in Ag to increase Ag coating 
hardness was totally lost. Based on this fact, it’s unnecessary to replace pure Ag 
by Ag-Sb for ITER application. Cold welding will occur at the Ag/Rh interface, 
so a thick Ag layer is suggested to be used to guarantee its lifetime.   
 CuCrZr is a good RF conductor base material candidate and applying an Au 
interlayer can help to minimize thermal stresses in the Rh coating. However, 
considering the long duration baking process, Au is not a proper interlayer as it 
can diffuse with CuCrZr easily. An interlayer of Ni+Au could be the solution to 
improve the thermal stability of the coating system.  
 Rh on 316L with an interlayer of Ni showed good performance. Although cracks 
generated in the Rh layer due to thermal stress releasing, good adhesion 
performance of Rh coating on 316L was validated. This coating solution is very 
promising for ITER RF conductor application. 
4.3 Electrical/tribological characterizations under ITER relevant 
conditions 
4.3.1 CuCrZr vs. 316L 
This pair was used as the reference. No coating has been applied to the base materials. 
The roughness values (Sa) of the pin and plate were 2.1 µm and 0.45 µm respectively. 
Ultrasonic cleaning in ethanol was performed towards all the samples before the 
electrical/tribological measurements to remove the organic pollutions. 
4.3.1.1 Static contact resistance 
The effects of vacuum condition, operation temperature and normal contact force to 
the Rc were studied on HV-MTEST. Generally, when a normal contact force is 
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applied, the equilibrium of elastic and plastic deformation between the asperities on 
the contacting surfaces can be achieved in a short time and the value of Rc turns to 
static quickly. However, for the CuCrZr/SS316L pair, during the static contact 
resistance measurements, after the loads being applied, the value of Rc varied 
continually and without achieving a steady-state regime. The reason for the Rc 
instability was probably caused by the oxidation on the surface of CuCrZr pin, which 
behaved like insulation layers between two electrical contact surfaces. The oxidation 
phenomenon of CuCrZr had been well researched and the oxidations are Cu2O and 
CuO [122, 157]. As shown in Figure 4-27, at room temperature, the high vacuum 
condition (~10
-4 
Pa) decreases the contact resistance. Under the same contact forces, 
the Rc under high vacuum was about 50 mΩ lower than those measured under in air. 
This phenomenon was caused by the release of gases and hydrocarbons physically 
absorbed on the pin tip.  
 
Figure 4-27 Rc measurement results of the CuCrZr/ 316L pair under different contact force and 
temperature 
Increasing contact force can enlarge the real contact area and break the copper 
oxidation layers, which decreases the Rc. However, the obvious effect of the normal 
contact force on the Rc was only observed when the operating temperatures were 
lower than 100ºC and its effect weakened after 18 N. Under 6 N, when the operation 
temperature was higher than 100ºC, the Rc decreased by one order of magnitude and 
stabilized at around 15 mΩ. This sharp decrease of Rc was mainly due to the 
decomposition of the hydrocarbons under high temperature and the obvious 
improvement of contact quality caused by plastic deformation of the contact materials 
under high temperature. Beyond 100ºC, the Rc was neither sensitive to the increase of 
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temperature nor normal contact force. In addition to the effects such as pollution 
removal and contact area enlarging, increasing the operating temperature can increase 
the resistivity of the contact materials as well. As a result, under the same normal 
contact forces, the Rc at 150ºC and 200ºC were slightly higher than those at 100ºC. 
The lowest Rc measured is 15 mΩ, which is higher than the limit established in 
section 3.2.5.3 of 6.5 mΩ. Therefore, it is mandatory to apply coatings to minimize 
the Rc in these conditions.  
4.3.1.2 Evolution of Rc and CoF during sliding cycles 
CoF is most often a function of three main influencing parameters: temperature, slip 
speed and normal force [92, 158]. Although for the ITER ICRH RF contact, the 
operating temperature under nominal conditions is hard to predict since it is a 
combination of the RF contact’s mechanical structure, cooling design and thermal 
deposition. For the material’s performance study, an operation temperature of 200ºC 
was used as an estimated value. Based on the results from the last section, at 200ºC 
the Rc was not sensitive to the normal contact force and after 18 N, there almost no 
change for the Rc. So, 18 N was selected as the maximum Fn in the sliding test to 
guarantee the electrical contact’s stability.  
In order to understand the friction and wear phenomena, 2000 cycles of sliding test 
under the conditions: Fn=18 N, sliding speed of 1 mm/s (±16 mm stroke), vacuum 
around 7×10
-4 
Pa and temperature of 200 ºC was performed. The transient results of 
the Rc and CoF are shown in Figure 4-28.  
 
Figure 4-28 Evolution of the Rc and CoF for the CuCrZr/ 316L pair under 2000 cycles of 
sliding test at Fn=18 N, 1 mm/s, 200 ºC, 7×10-4 Pa 
At the beginning of the sliding, the contact surface was smooth so the CoF was about 
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0.1. Before 200 cycles, the CoF only slightly changed from 0.12 to 0.15. After 220 
cycles, the CoF started to change faster and the CoF reached 0.25 at nearly 700 cycles. 
The maximum value of CoF occurred at around 1400 cycles and reached 0.3. A 
reverse trend was observed for the Rc. Because of the oxidation layers, when the 18N 
contact force applied, the Rc was near to 20 mΩ, but when the sliding started and 
after four cycles, the Rc decreased sharply to 4.2 mΩ. A good correlation between the 
CoF and the Rc was found during the cycles between 200 to 700. Even though during 
that time the contact surfaces started to be severely worn, the plow phenomenon 
between the rough surfaces increased the possibility of contact between asperities. At 
last, the Rc was kept at around 1 mΩ. 
4.3.1.3 Wear surface morphology 
As shown in Figure 4-29. Series abrasive wear was observed both on the pin and plate 
samples. On the tip of the pin, a flat surface with a radius about 1 mm has been 
generated and the pin had a 0.0014 g mass loss due to wear. The wear rate is 2.73×
10
-4 
mm
3
/N·m. The width of the wear track on the 316L plate is about 1.6 mm, with a 
surface roughness around 1 µm. On the plate, two large grooves with a maximum 
depth of 10 µm have been generated due to plowing and cutting processes by the 
CuCrZr pin. The mass loss of the plate is about 0.0015 g and the wear rate is 3.28×
10
-4 
mm
3
/N·m.  
 
Figure 4-29 3D morphologies and depth profiles of the worn samples: (a) 316L plate sample, (b) 
CuCrZr pin sample 
The serious abrasion wear on the plate mimicking the RF conductors showed that the 
wear resistivity of 316L against CuCrZr under ITER application conditions was poor. 
As the RF conductors are large components with low maintainability, 316L is 
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unsuitable to be directly applied as the contact material against the RF contact louvers 
that are made of CuCrZr. A protective coating is thus necessary.  
4.3.2 Au-Ni on CuCrZr vs. Rh on 316L 
On the CuCrZr pin, a 14.2 µm Au-Ni layer with 5 µm Ni interlayer was applied. The 
surface roughness of the Au-Ni coating is 2.14 µm (Sa). The thickness of the Rh 
coating is 4.18 µm with a 2.4 µm Ni interlayer. The roughness of the Rh surface is 
Sa=1.95 µm.  
4.3.2.1 Static contact resistance 
 
Figure 4-30 Rc measurement results of the Au-Ni on CuCrZr/ Rh on 316L pair under different 
contact force, temperature and atmosphere conditions 
The resistances in the vacuum environment were smaller than those measured under 
atmosphere (Figure 4-30). However, the differences are much smaller compared with 
the reference pair, which indicates that the surfaces were less oxidized after the 
application of functional coatings. The Rc decreases with the Fn increase and after 18 
N the Rc is almost stable without obvious change. The Rc initially increases with an 
increase in the test temperature and it reaches a threshold value between the operating 
temperatures of 150°C and 200°C, beyond which the relation between the Rc and the 
test temperature changes. The effects of increasing temperature on the Rc can be 
explained by two different mechanisms: the increase in the resistivity of the coating 
materials and the creeping of the coating materials. Compared with the creeping effect 
which increases the contact area, resistivity increase is the predominant factor that 
affects the Rc under a temperature lower than 150°C. However, under a temperature 
higher than 150°C, the coating materials creeping turns into the dominating factor.  
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The measured Rc are close to 1.5 mΩ even under low normal contact force of 6 N. 
Thus, for Rc aspect, the feasibility of applying Au-Ni and Rh as electrical function 
coatings was validated. 
4.3.2.2 Evolution of Rc and CoF during sliding cycles 
2000 cycles of sliding test under the conditions: Fn=18 N, sliding speed of 1 mm/s 
(±16 mm stroke), vacuum around 1.5×10
-3 
Pa and temperature of 200ºC was 
performed. Figure 4-31 shows the evolution of CoF and Rc during 2000 cycles of 
sliding test. In the beginning, the CoF is around 0.2. Before 200 cycles, the CoF 
increases gradually from 0.2 to 0.3. Between 200 cycle and 1200 cycles, large 
variation of CoF and Rc was observed, which indicates that wear phenomenon in this 
period is more severe than after 1200 cycles. The Rc of this sample pair is around 0.5 
mΩ and although its maximum value reaches 1 mΩ in some cycles, the Rc was still 
lower than the design requirement of 6.5 mΩ.  
 
Figure 4-31 Evolution of the Rc and CoF for the Au-Ni on CuCrZr/ Rh on 316L pair under 
2000 cycles of sliding test at Fn=18 N, 1 mm/s, 200 ºC, 1.5×10-3 Pa 
4.3.2.3 Wear surface morphology 
As shown in Figure 4-32, after 2000 cycles sliding test, discontinuous wear grooves 
occurred on the Rh on 316L sample. The depths of these grooves are around 4 µm, 
which are in the same range of Rh coating thickness. So, such wear grooves are 
actually caused by Rh coating delamination during sliding tests. After calculation, the 
wear rate of Rh on 316L sample is 9.79×10-5 mm3/N·m. On the tip of the pin, a large 
volume of material was worn. Au-Ni coating was fully removed due to abrasive wear 
with a wear rate of 1.48×10-3 mm3/ N·m. The roughness (Sa) of the wear surface on 
the pin is 1.4 µm.  
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Figure 4-32 3D morphologies and depth profiles of the worn samples: (a) Rh on 316L plate 
sample, (b) Au-Ni on CuCrZr pin sample 
Both abrasive and adhesive wear occurred between the Rh and Au-Ni coatings during 
sliding and abrasive wear is the predominating factor. The asperities on the Rh coating 
surface embedded into the Au-Ni coating and caused plowing and cutting phenomena, 
which is called two-body abrasion [159]. Flake-like [160, 161] wear debris with an 
average size of 0.5 mm was generated (Figure 4-33). These flakes were piled up at the 
edge of the wear surface on the Au-Ni pin sample due to cutting from Rh asperities 
and detached as loose wear debris, which generated three-body wear after that. With 
the wear of the Au-Ni surface, the contact surface area increased and contact pressure 
decreased accordingly. As a result, wear on the Au-Ni turned to mild. This is the 
reason that after 1200 cycles, the variations of CoF became smaller.    
 
Figure 4-33 SEM images of wear track and wear debris: (a) wear track of Rh on 316L, (b) wear 
debris 
On the Rh surface, in some areas, Cu cladding and Rh delamination were observed. 
Compared with the reference plate (316L without Rh coating), the wear rate of the 
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plate sample decreases by 2/3. This means that applying Rh on 316L substrate can 
protect the 316L base material from wear efficiently. So, if the ITER RF conductors 
facing sliding louvers are made of 316L, a Rh coating is worth to be applied to 
improve their lifetimes.  
4.3.3 Au-Ni on CuCrZr vs. Rh on CuCrZr 
The Rc between Au-Ni on CuCrZr pin and Rh on 316L plate was studied in the last 
section. Even under 6 N, the Rc is around 1.5 mΩ which is lower than the design limit 
(6.5 mΩ) obtained from simulation (section 3.2.5.3). For the contacting pair of Au-Ni 
on CuCrZr vs. Rh on CuCrZr, the Rc should be lower than the value measured from 
Au-Ni on CuCrZr vs. Rh on 316L under the same condition. Therefore, for the 
electrical performance aspect, Au-Ni on CuCrZr vs. Rh on CuCrZr will be satisfactory 
for the ITER RF contact application too. The only doubt concerns their tribological 
performance.  
4.3.3.1 Evolution of Rc and CoF during sliding cycles 
Serious metal diffusion between the Rh coating and its substrate CuCrZr was 
observed in section 4.2.1.3. Kirkendall voids generated under Rh coating deteriorate 
the Rh coating’s wear resistance. In order to evaluate the tribological performance of 
the Au-Ni on CuCrZr vs. Rh on CuCrZr pair, sliding test was performed under the 
same conditions as the pair of Au-Ni on CuCrZr vs. Rh on 316L introduced in section 
4.3.2.2. The evolutions of CoF and Rc are shown in Figure 4-34.  
 
Figure 4-34 Evolution of the Rc and CoF for the Au-Ni on CuCrZr/ Rh on CuCrZr pair under 
2000 cycles of sliding test at Fn=18 N, 1 mm/s, 200 ºC, 9.9×10-4 Pa 
When the sliding started, the CoF was around 0.2 and it increased after a few cycles. 
At around 1000 cycles, the CoF reached a maximum value of 0.8. For the Rc, it 
stabilized at around 0.3 mΩ.  
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4.3.3.2 Wear surface morphology 
Serious wear occurred on the plate sample and a wear track with 2.5 mm width and 
0.13 mm depth was generated (Figure 4-35). The wear rate of the plate is 1.11×10-3 
mm
3
/N·m, which is more than ten times higher than the Rh on 316L plate. On the 
contrary, surface transfer film (CuCrZr) was observed on the Au-Ni.  
The wear mechanism between the pin and plate is illustrated in Figure 4-36. Due to 
the existing diffusion voids under Rh layer, when the pin and plate got into contact 
and contact pressure is applied, brittle fractures occurred in the Rh coating as it was 
insufficiently supported by the substrate. During sliding, adhesion between Rh and 
Au-Ni layers generated shear stresses under the Rh coating and when the shear stress 
was higher than the bond strength of the Rh coating, delamination happened. Hard Rh 
debris remained in the Au-Ni/CuCrZr interface and caused three-body abrasive wear 
to the Au-Ni surface and CuCrZr surface.  
With the delamination of Rh coating, Au-Ni coating surface directly contacted with 
CuCrZr surface, which induced more severe adhesion. Prow formation occurred 
between the pin tip (Au-Ni) and the plate sample (CuCrZr) and material transfer from 
the CuCrZr plate to the pin tip occurred. Due to work hardening effect, the transfer 
film (CuCrZr) on the pin tip was harder than the plate and wore the plate sample by 
continuous plastic shearing and cutting. During the sliding, prows that attached on the 
pin tip were lost as loose debris. For ITER RF contact application, this prow 
formation process will continue indefinitely with the reciprocating sliding of the RF 
contact louvers against the RF conductor. Serious damage of the RF conductor will 
happen which is not acceptable for ITER operation. 
 
Figure 4-35 3D morphologies and depth profiles of the worn samples: (a) Rh on CuCrZr plate 
sample, (b) Au-Ni on CuCrZr pin sample 
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Figure 4-36 Wear mechanisms of Au-Ni on CuCrZr vs. Rh on CuCrZr pair 
4.3.4 Ag on CuCrZr vs. Rh on 316L  
The surface roughness of the Ag coating on the pin sample is Sa=1.5 µm.  
4.3.4.1 Static contact resistance 
 
Figure 4-37 Rc measurement results of the Ag on CuCrZr/ Rh on 316L pair under different 
contact force and temperature 
As shown in Figure 4-37, Rc didn’t change obviously with the increase of the Fn. The 
explanation is that, after thermal aging (500 h, 250ºC), the hardness of the Ag coating 
deceased to 60 HV. The asperities on the Ag coating surface were easily deformed 
even under 6 N. Under 6 N, the contact area had saturated and there were no obvious 
effects on Rc by applying higher normal contact forces. However, the effects of 
operating temperature on the Rc was observed. Unlike Au-Ni coating, with operation 
temperature increase, the mechanical strength degradation of Ag which induced larger 
contact area dominated the Rc variation. As the Rc values are around 1 mΩ, the 
feasibility of applying Ag and Rh coatings on the RF contact louvers and RF 
conductor respectively to minimize the Rc was approved. 
4.3.4.2 Evolution of Rc and CoF during sliding cycles 
From the static contact resistance study, it seems that 6 N is already enough to 
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minimize the Rc. However, in order to compare with the above pairs, 18 N was kept 
to perform the sliding test. 2000 cycles of sliding test under a sliding speed of 1 mm/s 
(±16 mm stroke), vacuum around 1.9×10
-3 
Pa and temperature of 200ºC was 
performed. In the beginning, both abrasive wear and adhesive wear happened and the 
CoF was around 0.3. Due to the adhesive wear of Ag, Ag transferred from the pin tip 
to the Rh surface and generated Ag transfer film. The Ag transfer film covered the 
asperities on the Rh surface and as a result, the abrasive wear was reduced. With the 
reduction of abrasive wear and the lubricating from Ag (low shear layer), after around 
100 cycles, the CoF decreased to 0.2.  
 
Figure 4-38 Evolution of the Rc and CoF for the Ag on CuCrZr/ Rh on 316L pair under 2000 
cycles of sliding test at Fn=18 N, 1 mm/s, 200ºC, 1.9×10-3 Pa 
4.3.4.3 Wear surface morphology  
 
Figure 4-39 3D morphologies and depth profiles of the worn samples: (a) Rh on 316L plate 
sample, (b) Ag on CuCrZr pin sample 
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Obvious Ag transfer was observed on the Rh surface (Figure 4-39). At some local 
positions Rh delamination happened. Due to the Ag attachment on the Rh surface, 
after sliding test, the weight of the plate sample increased. Serious wear occurred on 
the pin sample with a wear rate of 2.8×10-4 mm3/N·m.   
4.3.5 Ag on CuCrZr vs. Rh on CuCrZr 
4.3.5.1 Evolution of Rc and CoF during sliding cycles 
 
Figure 4-40 Evolution of the Rc and CoF for the Ag on CuCrZr/ Rh on CuCrZr pair under 
2000 cycles of sliding test at Fn=18 N, 1 mm/s, 200 ºC, 1.4×10-3 Pa 
As shown in Figure 4-40, the CoF started at 0.3 and sharply increased to 0.45 after 50 
cycles. The sharp increase of the CoF was caused by the broken Rh coating. At 
around 600 cycles, another sharp increase of CoF was occurred, which was probably 
due to the prow formation. The Rc stabilized at 0.25 mΩ.  
4.3.5.2 Wear surface morphology  
 
Figure 4-41 Optical microscope images of the worn samples: (a) Rh on CuCrZr plate sample, 
(b) Ag on CuCrZr pin sample 
As shown in Figure 4-41, the wear phenomenon between Rh on CuCrZr and Ag on 
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CuCrZr is similar to the sample pair of Rh on CuCrZr vs. Au-Ni on CuCrZr. Serious 
adhesive wear (prow formation) occurred. A 2.2 mm wide groove generated on the 
plate sample and the wear rate was 1.13×10-3 mm3/N·m. Again, such a high wear rate 
on the plate sample (mimic RF conductor) is not acceptable for the ITER application.  
4.3.6 Discussion 
There are two base material candidates for the RF conductor (plate sample) 
manufacturing: 316L and CuCrZr. For the RF contact louvers (pin sample), CuCrZr is 
the only interesting option, due to its high thermal conductivity and high stiffness. 
 For the Rc aspect: 
 The static Rc between bared 316L and CuCrZr without coating is measured to be 
higher than 15 mΩ, which is higher than the ITER design limit (6.5 mΩ). 
Although during sliding, the transient Rc is around 1 mΩ, the high static Rc is a 
threat for the ITER RF sliding contact, especially at the beginning of the 
operation (no sliding occurs). So for ITER application, this material solution 
without coatings applied is not recommended.  
 If functional coatings are applied on the RF conductor (Rh coating on 316L 
substrate or Rh coating on CuCrZr substrate) and RF contact louvers (Au-Ni 
coating on CuCrZr substrate or Ag coating on CuCrZr substrate), both the static 
Rc and transient Rc are lower than the ITER design limit.  
 For the friction and wear aspect: 
 If no coatings are applied on the RF conductor (made of 316L) and RF contact 
louvers (made of CuCrZr), serious abrasive wear happened both on the RF 
conductor and the RF contact louvers. Serious wear on the RF conductor will be 
problematic for ITER application. So, applying functional coating to the 316L RF 
conductor is mandatory. 
 By applying a thin (around 4 µm) Rh coating on the RF conductor made of 316L, 
the RF conductor can be efficiently protected from serious wear and its lifetime 
can be prolonged accordingly.  
 A bare pair RF conductor (made of CuCrZr) vs. RF contact louvers (made of 
CuCrZr) was not studied: it’s a general knowledge that for parts that have relative 
movement, it should be avoided to use the same material to manufacture them as 
serious adhesive wear can happen between them. Under high vacuum, adhesive 
wear between two identical materials is even more serious.  
 If the RF conductor is made CuCrZr, even though Rh coating was applied, due to 
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the serious diffusion between Rh and Cu interface, the adhesion of Rh was poor 
and delamination of Rh occurred during the sliding versus the RF contact louvers. 
After losing the Rh coating’s protection, sliding will happen between two parts 
made of CuCrZr. As explained, sliding between the same materials should be 
avoided. 
 So, for the electrical/tribological aspect, 316L is more suitable as ITER RF 
conductor’s base material. Rh coating is necessary to be applied on the surface of 
the 316L surface. If one wants to use a Rh coating on a CuCrZr base material, 
since it has a higher thermal conductivity than 316L, a more efficient interlayer 
than Au should be developed. Using Ni as the interlayer is an interesting option 
which would require assessment. 
 Aiming to minimize the CoF and wear rate on the RF contact louvers, which are 
made of CuCrZr with Au-Ni or Ag coating, applying of solid lubricants in the Au 
or Ag matrices is interesting to be investigated.  
 
  
Chapter 5 Self-lubricating coating development 
117 
 
Chapter 5 Self-lubricating coating development 
As introduced in chapter 4, under high vacuum and high temperature, adhesive wear 
plays an important role in the wear of the coating. Solid lubricants which have 
lamellar or layered structures like graphene, amorphous carbon (a-C), molybdenum 
disulphide (MoS2) or tungsten disulphide (WS2) (cf. section 2.3.2.3) could reduce 
shear resistance and therefore lead to a decrease in the energy dissipation by friction 
dissipation. The layers of such lamellar lubricants have shown ability to slide over 
each other repeatedly with low damage [62], while presenting relatively free 
movement between each other and reduced shear resistance. The lubricating of the 
solid lubricants can minimize the adhesive wear efficiently [162]. In this chapter, the 
deposition of two composite coatings, Au-Ni/a-C and Au-Co/WS2 by magnetron 
sputtering and electroplating respectively is detailed. The coatings properties and 
tribological performance in vacuum and in N2 atmosphere were then evaluated and 
discussed.  
5.1 Au-Ni/a-C deposition and coating characterizations 
5.1.1 Magnetron sputtering process of Au-Ni/a-C  
The Au-Ni/a-C nanocomposite coatings were deposited on CuCrZr substrates and 
p-type silicon (100) wafers. J450 magnetron co-sputtering system was used in this 
study with three targets (Au-99.99%, Ni-99.995%, graphite-99.999%) procured from 
ZNXC Technology Co., Ltd. The target to substrate distances of Au, Ni and graphite 
targets are 6.5 cm, 8.5 cm and 5.5 cm respectively. Before the deposition process, the 
silicon and CuCrZr substrates were ultrasonically cleaned for 10 min in acetone and 
then by 10 min cleaning in ethanol. For the CuCrZr plates, acid etching was 
performed for 30 s in 10 wt.% H2SO4 to remove passivation layers. The machine 
chamber was pumped to the base vacuum of 9×10-4 Pa by using a turbomolecular 
pump set. The substrates were negatively biased plasma cleaned at 500 V in 2.5 Pa 
pure Ar atmosphere for 10 min. Before the coating deposition, the targets were 
pre-sputtered to clean both the target surface and the chamber for 10 min. The coating 
deposition consisted of two steps. Firstly, pure Ni interlayer as diffusion barrier was 
deposited using a current of 1 A (390 V) at a pressure of 0.8 Pa with 40 
standard cubic centimeters per minute Ar flow for 120 min. Then, the Au-Ni/a-C 
nanocomposite layer was deposited at 0.6 Pa, with Au target current of 0.35 A (400 V) 
and Ni target current of 0.14 A (290 V). The sputtering of the graphite target was 
achieved by using an RF power supply (13.56 MHz) and four powers (100 W, 200 W, 
300 W and 400 W) were selected to obtain Au-Ni/a-C composite coatings with 
different C content. The coating times of Au-Ni/a-C layers were kept constant to 
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55 min to control their total thickness. 
5.1.2 Coating characterizations 
5.1.2.1 Surface morphology 
As shown in Figure 5-1, the composite coatings show fish scale-like morphologies, 
which indicate that the coatings have columnar structures [163]. Under all the 
sputtering powers, the coatings present dense structures and no obvious coating 
defects such as pores and cracks observed. Based on the cross-sectional image of 
coating, a 3.1 µm Au-Ni/a-C composite coating with a 4.2 µm thick Ni diffusion 
barrier was achieved. High quality junctions between two coating layers and coating 
to CuCrZr substrate were also validated. However, with the increase of sputtering 
power from 100 W to 400 W, there are more micron-sized nodules generated and 
embedded into the composite coating. The origin of the nodular structures is probably 
due to the inhomogeneous coating growth caused by the landing of foreign 
microparticles on the coating surface, which came from the graphite target or the 
mechanical structure of the magnetron sputtering machine [164, 165]. Generally, the 
presence of nodules is accompanied by voids in their surroundings; therefore, the 
bonding between these nodules and the coating matrix is weak. For tribological aspect, 
such defect may impair the coating’s wear resistance.  
 
Figure 5-1 SEM images of the Au-Ni and Au-Ni/a-C coatings 
By checking under higher magnification, with the increase in sputtering power of 
graphite target from 0 W to 200 W, the column’s diameter decreased from around 
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1 µm to 0.25 µm. After 200 W, an opposite trend of column diameter change with the 
sputtering power increase was observed. The coating surface roughness (arithmetical 
mean height) decreases slightly with the sputtering power increase (0 W: 0.48 µm, 
400 W: 0.29 µm). 
5.1.2.2 Coating composition and crystal structure 
Au and Ni have the same face-centered cubic (fcc) crystal structure. However, the 
Au-Ni binary phase diagram (Appendix B) exhibits a wide miscibility gap between 
Au and Ni at low temperature and in equilibrium state, i.e., continuous Au-Ni solid 
solution can only be achieved at low Ni content [166]. Au-Ni solid solutions with 
high Ni contents can be achieved by PVD methods. Au-Ni alloy with Ni content 
reaching up to 20 at.% was reported in [167]. Nevertheless, such solid solutions are in 
metastable state and phase separation can happen if they are thermally aged. Phase 
separation can cause precipitation hardening effect which can increase the coating’s 
hardness and the coating’s electrical conductivity can also be improved [167]. 
However, the Ni-riched precipitations on the coating surface are less resistant to 
corrosion in the air and the insulation oxidations are very harmful to the electrical 
contact performance.  
 
Figure 5-2 XPS spectra (a) and carbon content relation with different sputtering power of the 
graphite target (b) 
The XPS spectra of the coatings are shown in Figure 5-2. In the Au-Ni/a-C coating 
system, the content of Ni which is achieved is 2 wt.% which is a low value that can 
avoid phase separation during the coating application on electrical contact, especially 
under high temperature working condition. The C content in the composite coating 
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increases with the increase of the sputtering power of the graphite target. Under 400 
W, the C in the composite coating is around 2 wt.%.  
Figure 5-3 shows the XRD patterns for the composite coatings. From 0 W to 400 W, 
bright and sharp XRD peaks were observed which indicates that all the deposited 
coatings have good crystallinity. With a clear preferential growth orientation of (111), 
other crystal planes like (200), (220) and (311) were also observed in all the coatings 
with different C contents. All the above crystal planes belong to the Au-Ni fcc phase. 
It’s interesting to note that, near the fcc-(111) peak, there is another peak with 2θ 
around 37.7º appears which doesn’t belong to the fcc phase. Fcc structure is the solid 
phase of Au in the equilibrium state. However, under some particular conditions such 
as high temperature and high pressure, Au atoms in fcc structure were observed to be 
transferred from fcc stacking to hexagonal close-packed (hcp) stacking [168]. Since 
Au-Ni is Au matrixed solid solution whose structure is also fcc, the metastable state of 
hcp structure should also exist. The peak presents at 2θ=37.7º has a good coincidence 
with the hcp-(100) peak of Au reported in [168] and the peak presents at 2θ=38.6º
which coincides with fcc-(111) belongs to hcp-(002) [169]. Based on the XRD 
patterns, the generation of hcp phase can be suppressed by the implantation of the C 
in the Au-Ni matrix. 
 
Figure 5-3 XRD patterns of the Au-Ni and Au-Ni/a-C composite coatings 
Although fcc and hcp Au-Ni solid solution phases coexist in the coatings, no Ni peaks 
appear, which indicates that with a Ni content of 2 wt.%, the Ni atoms were uniformly 
distributed in the Au matrix and no phase separation happened. Compared with the 
(111) peak position of standard pure Au (JCPDS: 04-0784), the Au-Ni and Au-Ni/a-C 
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composite coatings have apparent 2θ shifting to higher angles due to the substitution 
of Au atoms by Ni atoms (with smaller atom radius than Au), which is another 
confirmation of Au-Ni alloy formation. The crystallite size of Au-Ni coating was 
calculated by using Scherrer equation according to the FWHM value of the (111) peak 
[51]. The crystallite size of the Au-Ni coating without C content is 28 nm. Moreover, 
the C sputtering power has no significant effect on the crystallite size of the 
Au-Ni/a-C composite system. However, with the C content increase, the (111) peaks 
shift to low 2θ direction, which is probably caused by the residual coating stress.  
 
Figure 5-4 TEM and EDS mapping images of the Au-Ni/a-C coatings: (a). TEM image shows 
the whole Au-Ni/a-C thickness of 400 W sample, (b). HRTEM of Au-Ni hcp structure and the 
corresponding FFT pattern of 400 W sample, (c). HRTEM of the Au-Ni fcc structure and the 
corresponding FFT pattern of 400 W sample, (d). The selected EDS mapping area on the 400 W 
sample, (e, f, g). EDS mapping of Au, Ni and C in the square-marked area shown in (d), (g). 
HRTEM image shows stacking faults of 100 W sample, (i). HRTEM image shows stacking 
faults of 400 W sample.  
TEM observation verified the co-existence of hcp and fcc structure phases in the 
Au-Ni and Au-Ni/a-C coatings (Figure 5-4). Crystal planes with an averaged 
interplanar spacing of 0.243 nm and ABAB stacking sequence have a good agreement 
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and can be identified as the (002) of Au-Ni hcp phase [170]. The STEM-EDS 
mapping images reveal that the Au, Ni and C are uniformly distributed in the 
composite coatings. The sputtering power of graphite target has a significant effect on 
the stacking faults generation in the composite coatings. The high density of crystal 
defects in coating could help to improve the coating’s hardness.  
To have a deeper understanding of the C nanostructure in the composite coatings, 
Raman analyses were performed and the results are shown in Figure 5-5. Under 100 
W, the content of carbon is too low to generate enough (or large) carbon clusters, and 
as a result no distinct carbon peaks were observed from the Raman spectrum. In 
addition to generating small carbon clusters, some of the carbon atoms could be 
alloyed in the Au-Ni lattice. With the increase of RF power on graphite target, three 
phenomena were observed from the Raman spectra: the rise of D and G peak 
intensities, the decrease of ID/IG ratio and the G peak position shifting. From 200 W to 
400 W, the two apparent peaks with broad peak character is another evidence besides 
XPS results which indicates that the nature of the carbon composite deposited is 
amorphous carbon. Although amorphous carbon is the mixing of sp
2
-bonded atoms 
and sp
3
-bonded atoms [80, 171], the D and G peaks are due to sp
2
 bonds only. The D 
peaks that indicate the non-crystallinity of the carbon clusters are located at around 
1370 cm
−1
-1396 cm
−1
, which is due to the breathing modes (A1g) of sp
2
 bonds 
[172-174]. The G peaks are located at around 1567 cm
−1
-1595 cm
−1
, which is due to 
the bond stretching motion (E2g) between sp
2
 atoms in chains and rings [175].  
 
Figure 5-5 Raman spectra of the Au-Ni/a-C composite coating under different sputtering powers of 
the graphite target 
The ID/IG ratio had been applied to characterize the sp
2
/sp
3
 ratio in the a-C structure 
and it’s useful to evaluate the degree of disorder of the carbon clusters [173, 176]. The 
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decrease of ID/IG ratio means that in the amorphous carbon clusters, the fraction of sp
2
 
bonds increases with the power increase of the graphite target, i.e., the carbon clusters 
turn from high disordered structure to more graphitic-like structure. The structural 
transition of carbon clusters can also be observed from the G peak position increase 
from 1567 cm
−1
-1595 cm
−1
 [175]. 
5.1.2.3 Mechanical performance 
The occurrence of residual stresses is a typical feature of magnetron sputtered 
functional coating, which plays an important role in affecting the coating’s 
performance. Generally, tensile residual stresses impair the durability of the coating 
by inducing cracking and compressive stresses can cause coating peel-off [177]. High 
stresses are prone to occur in the coating interface zone and such stresses can be 
accumulated with the coating thickness increases. Achieving a low internal stress 
system is therefore critical for the Au-Ni/a-C composite coating, whose total thickness 
with the Ni interlayer reaches up to 7 µm. With the presence of stresses in the coating, 
bending occurs and the bending can be measured by 3D profiler. The residual stresses 
in the composite coatings were calculated from the curvature changes of the Si 
substrates after deposition with the following Stoney equation [178]:  
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where Es, vs are the elastic modulus and Poisson’s ratio of the substrate (Si wafer) , ts 
and tc are the thicknesses of the substrate and the coating, R and Ro are the curvature 
radii of Si wafers before and after deposition. 
The residual stress results are shown in Figure 5-6. After deposition, upward bending 
occurred on the Si wafer substrates, which indicates that tensile stress generated in the 
Au-Ni and Au-Ni/a-C coatings. For the Au-Ni coating, 140 MPa of residual stress is 
the sum of the intrinsic stress and thermal stress. The thermal stress can be well 
estimated from the following equation [179]:  
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where Es, ts and αs are the elastic modulus, thickness and CTE of the Si substrate; Ec, 
tc, vc and αc are the elastic modulus, thickness, Poisson’s ratio and CTE of the coating; 
Td and Tr are the sample temperature and room temperature.  
Due to the large CTE difference between Au (14.4 µm/m∙ºC @ 25 ºC) and Si wafer 
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(2.49 µm/m·ºC @ 25 ºC) and relative high temperature on the coating samples caused 
by plasma radiation and second electron bombardment, the thermal stress (tensile 
stress) in the Au-Ni coating is estimated to be around 100 MPa. Therefore, the 
intrinsic stress in the Au-Ni coating is very likely to be tensile stress too. However, 
with C atoms implantation (100 W), a noticeable decrease of residual stress by 
40 MPa is calculated. This phenomenon can be explained from the fact that when C 
atoms have been added in the Au-Ni coating, the intrinsic stress changed from tensile 
stress to compressive stress and the tensile thermal stress was offset partly by the 
compressive intrinsic stress. With RF power increase from 100 W to 400 W, residual 
stress increases accordingly, which is probably due to the temperature rise of the 
sample after deposition with higher sputtering power.  
It worth mentioning, however, that the residual stresses in the coatings were evaluated 
based on the Si substrates. For real application, as the target substrate is CuCrZr 
whose CTE (16.7µm/m·ºC) is similar to Au, the residual stress in the composite 
coating should be lower than that obtained from the Si substrate and the type of the 
residual stresses is compressive stress. Thus, the Au-Ni/a-C coatings on CuCrZr 
substrates were achieved with low residual stresses.   
 
Figure 5-6 Results of coating residual stress measurement on Si (100) wafer: (a). The curvature 
of Si substrates, (b). Residual stresses of Au-Ni/a-C under different graphite sputtering powers 
 
Figure 5-7 Nanoindentation measurement results: (a). Load–displacement curves, (b). Vickers 
hardness and elastic modulus 
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The purpose of compounding C in the Au-Ni coating is to improve its wear 
performance. In addition to providing solid lubrication function, increasing the Au-Ni 
matrix’s hardness is another purpose of C atom implantation for wear prevention. As 
shown in Figure 5-7, under a peak load of 5 mN, the averaged Vickers hardness of 
Au-Ni alloy coating is 200. From the XRD and TEM observation, the presence of 
Au-Ni hcp phase was confirmed, which can generate additional precipitation 
hardening effect on the coating [180]. However, the magnetron sputtered Au-Ni 
coating is still softer than the electroplated Au-Ni (fcc structure and Ni content 2 wt.%) 
coating whose hardness was reported as 267.7 HV [181].  
C atoms play an important role in improving the hardness of the Au-Ni coating as all 
Au-Ni/a-C coatings with different C contents were observed harder than the Au-Ni 
reference coating. From 100 W to 300 W, the residual indentation depth of the 
composite coating reduces with the C content increase and the hardness of Au-Ni/a-C 
composite coating with graphite sputtering power of 300 W reaches to 400 HV. 
However, the tendency of coating hardness variation is reversed when the sputtering 
power is higher than 300 W. Based on the Raman results, embedding in Au-Ni crystal 
lattice and accumulating as a-C clusters are the two forms of C atoms in the 
composite coating. As impurity atoms, the C atoms that are interstitially doped in the 
Au-Ni crystal lattice can induce lattice strains, as a result, significant solid solution 
strengthening effect is induced in the Au-Ni coating. In addition, as proved by TEM 
observation, the crystal defects induced by the embedding of C clusters benefit to the 
hardness improvement too. After reaching a plateau, the hardness of Au-Ni/a-C 
composite coating decreases with further C content increase. This phenomenon could 
be explained by the volume increase of soft a-C clusters in the coating [182]. Similar 
variation tendency of elastic modulus as hardness was observed too. In Au-Ni/a-C 
coatings, the residual stresses are compressive stresses which compress the 
interatomic distance and increase the stiffness of the interatomic bonding accordingly 
[183]. Therefore, compared with Au-Ni coating, the elastic modulus of Au-Ni/a-C 
(300 W) increases from 77 GPa to 115 GPa. Again, the sudden decrease of the elastic 
modulus of the 400 W coating is due to the high volume content of a-C phase.   
Besides residual stress and hardness, adhesion performance of Au-Ni/a-C coating on 
CuCrZr substrate is also an important factor for coating durability. As shown in Figure 
5-8, based on the SEM observation of the scratch tracks, all the Au-Ni and Au-Ni/a-C 
coatings show typical ductile failure mode without occurrence of chipping 
phenomenon [41]. Three typical stages happened on the scratch track on the 200 W, 
300W and 400 W coatings, which include small plastic deformation stage, transverse 
cracking (tensile cracking) stage and buckling & spallation stage. For the coatings 
without C and with low C (100 W), no transverse cracking stages are observed, which 
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indicates that the cohesive strength of the Au-Ni/a-C coating decreases with C content 
increase, i.e., C constituent impairs the toughness of the composite coating. However, 
all the coatings show high adhesive strength on CuCrZr substrates and no obvious 
difference of adhesive strength between them were observed. The critical loads of the 
coatings are around 30 N.   
 
Figure 5-8 Scratch test results: (a). Optical microscope image of the full scratch track on the 
400 W sample, (b-f). SEM images of scratch tracks from 0 W to 400 W, (g). Critical loads of 
coatings  
5.1.2.4  Electrical performance 
The electrical resistivity of coating is measured by four-point probe measurement. For 
the electrical resistivity, a sudden increase by 1.7 µΩ/cm happened on the 100 W 
Au-Ni/a-C coating compared with the Au-Ni reference (Figure 5-9). Based on Raman 
analysis, in the 100 W Au-Ni/a-C coating, C atoms are mainly alloyed in the Au-Ni 
lattice. The lattice distortion caused by the C atoms embedding could be the reason 
that caused the sudden increase of the electrical resistivity. With higher C contents, 
the a-C nano-clusters generated have a small effect on the coating’s electrical 
resistivity. The Au-Ni/a-C composite coatings developed have electrical resistivities 
around 8.2 µΩ/cm, which can be compared to the electrical resistivity of the 
magnetron sputtered pure Au coating (3.2 µΩ/cm). 
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Figure 5-9 Electrical resistivities of Au-Ni and Au-Ni/a-C coatings 
5.1.2.5 Tribological performance 
Coatings’ tribological performance was evaluated on a ball-on-disc tribometer 
equipped with high vacuum pumping system against GCr15 ball (Ø=3 mm). 8000 
cycles’ rotary sliding tests were performed under 10-3 Pa with a linear speed of 
8.4 cm/s and a normal contact force of 2 N. 
 
Figure 5-10 Tribological performance of the Au-Ni and Au-Ni/a-C coatings: (a,b). CoF and 
wear rate under atmosphere, (c,d). CoF and wear rate under 10-3 Pa vacuum. 
As lubricating efficiency of a-C is low in high vacuum condition, not surprisingly the 
CoFs of all the coatings are similar (Figure 5-10). The 400 W coating sample still had 
a slight self-lubricating function before 5500 cycles with CoF of 0.4. However, in 
vacuum, the smallest wear rate is 4.5×10-6 mm3/N·m, which happened on the 200 W 
sample. In this case, lubricating is not the main factor that determines the wear rate 
and the combined effects of coating’s hardness, residual stress and toughness on wear 
rate are more important.  
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Figure 5-11 Wear track characterizations of 100 W Au-Ni/a-C coating: (a). SEM image of wear 
track, (b). EDS mapping of C in the position of (a), (c). Raman spectra in the wear track, (d). 
Schematic diagram  of C lubricant film generation 
Aiming to understand the lubricating mechanism of the Au-Ni/a-C coating, the 100 W 
sample was selected and wear track characterizations were carried out. As shown in 
Figure 5-11 (b), C accumulation in the wear track was verified through EDS mapping 
after the sliding. Compared with the Raman spectrum of 100 W coating as deposited, 
two pronounced peaks which correspond to D and G peaks were observed at 
1369 cm
-1
 and 1588 cm
-1
, respectively. The ID/IG ration is calculated as 0.83. All these 
evidences indicate that agglomeration of sp
2
-bond rich C happened during sliding, i.e., 
graphitic carbon tribo-layer transferred and covered the wear track. As the schematic 
diagram shows in Figure 5-11(d), originally C atoms were uniformly distributed in the 
Au-Ni/a-C coating as free atoms in Au-Ni lattice or in a-C nanocrystallite with high 
content of sp
3
 bonds. During the sliding, accompanied with wear, C clusters 
accumulated and possibly transferred between the ball and the coating. The pressure 
due to the normal contact force and the annealing due to friction could induce the 
graphitization process at local contact areas [184]. The graphitic layer which has 
developed between the two wear surfaces helped to reduce CoF. With higher C 
content in the original coating, the graphitization process is more significant and as a 
result, the CoF lowered.  
5.1.3 Summary 
By regulating the sputtering power of a graphite target, Au-Ni/a-C coatings with 
different C content were deposited by magnetron sputtering. Under 400 W, the C 
content in the composite coating reaches 2 wt.%. The coating’s hardness improvement 
of compounding C in Au-Ni matrix was measured. The Au-Ni/a-C coating deposited 
under 300 W has the largest hardness, elastic modulus and critical load, which are 
400 HV, 115 GPa and 41.7 N, respectively. Because the tribological tests were 
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conducted in vacuum, the lubricating function of a-C is not very efficient. Only the 
400 W sample shows a little lower CoF compared with the Au-Ni coating without a-C. 
The wear rate of coating is determined by its mechanical properties (hardness, 
residual stress) as well as lubricating performance. 200 W sample shows the lowest 
wear rate, however, compared with Au-Ni coating without C, the advantages of 
compounding C inside to minimize the wear rate are not obvious.  
For application in the ITER environment, another important performance required is 
the coating thermal stability under 250ºC baking. Compounding a-C in Au-Ni matrix 
may improve the coating’s thermal stability, which needs to be further investigated. If 
this point is proved, Au-Ni/a-C will still be a good candidate for ITER ICRH RF 
sliding contact application. 
5.2 Au-Co/WS2 deposition and coating characterizations 
Co is not a material recommended for nuclear application, as it has unfavorable 
activation characteristics under neutron irradiation [185]. For ITER application, 
0.2 wt.% is the Co content limit of the structural materials. For Au coating, alloying 
0.2 wt.% Co inside can still improve the mechanical performance of the Au coating 
significantly. Au-Co commercial bath is easier to acquire. In this section Au-Co is 
selected as the coating matrix for the WS2 lubricant. The electroplating process is 
firstly developed and qualified, then the tribological performance of the composite 
coating is assessed.  
5.2.1 Electroplating process of Au-Co/WS2  
5.2.1.1 Ni interlayer plating 
1) Electrolyte preparation 
The nickel sulfamate solution is commonly used to achieve good Ni plating layer with 
low stress and moderate hardness [186, 187]. Thus, in this study, the diffusion layer 
between the Au-Co/WS2 and CuCrZr substrate was electroplated from sulfamate 
electrolyte. The details of the Ni plating electrolyte are shown in Table 5-1. 
Table 5-1 Details of Ni electrolyte 
Bath composition Concentration Electrodeposition condition 
Ni(SO3NH2)2·4H2O 300 g/L   Tem：45°C 
NiCl2·6H2O 30 g/L PH：3.8 
H3BO3 30 g/L  
Butyndiol 0.06g/L  
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2) Electroplating setup 
As Figure 5-12 shows, the electrodeposition and electrochemical analyses were performed on 
an electrochemical potentiostat (Gamry Interface 1000, Gamry Instruments, USA). A double 
layer three-electrode cell was used with a solution volume of 125 mL and the solution was 
maintained at 45 ºC by water heating system during the plating and electrochemical analysis. 
The CuCrZr plates worked as cathode and the counter electrode was a platinum-coated 
titanium mesh with surface area around 12 cm2. A platinum-wire was used as reference 
electrode.  
 
Figure 5-12 Photo of electrodeposition setup 
3) Linear sweep voltammetry study and galvanostatic electrodepositions 
Before the deposition, all the substrates were pretreated by a degreasing process with 
5 min sonication in acetone and 5 min sonication in ethanol. After the degreasing 
process, an activating treatment was performed with 30s immersion in 10% H2SO4, 
followed by a quick deionized water rinse and the electroplating was started 
immediately. 
Linear sweep voltammetry (LSV) measurement was conducted and the potential 
(versus Pt-wire) was scanned between 0 V and -2 V at a scan rate of 5 mV/s and 
magnetic stir speed of 300 rpm. Figure 5-13 shows the polarization curve 
measurement results of the Ni sulfamate electrolyte. It shows that the electrolyte can 
be used under a wide current density range from 1 A/dm
2
 to 15 A/dm
2
. Applying a 
higher current density can achieve higher coating rate; however, the Ni coating 
generally shows large crystallite size and low hardness if the current density is too 
large [188]. Ni coatings under current densities of 2 A/dm
2
, 3 A/dm
2
, 4 A/dm
2
, 5 
A/dm
2
 were deposited and characterized. The coatings’ thicknesses were controlled at 
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4 µm by regulating the coating time calculated from the Faraday’s Law (equation 
2-4).  
 
Figure 5-13 Polarization curve for the Ni sulfamate electrolyte  
4) Ni coating characterizations  
 
Figure 5-14 SEM images of Ni coatings plated under different current densities: (a). 2 A/dm2, 
(b). 3 A/dm2, (c). 4 A/dm2, (d). 5 A/dm2 
Based on the SEM morphology study shown in Figure 5-14, all the Ni coatings 
deposited under current densities of 2A/dm
2
, 3A/dm
2
, 4A/dm
2
, 5A/dm
2
 exhibit a 
pyramidal-like morphology. All the coatings show compact structure without obvious 
coating defects observed. 
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The Ni coatings’ crystal structures are studied by using XRD and the results are 
shown in Figure 5-15. All the coatings show (200) preferred orientation, which is 
similar to the results reported in [188]. The crystallite sizes of the Ni coatings were 
calculated based on (002) peaks and the results are shown in Figure 5-16. With the 
current density increases from 2 A/dm
2
 to 5 A/dm
2
 , a slight crystallite size increase is 
observed from 33 nm to 36.5 nm.   
 
Figure 5-15 XRD patterns of the Ni coatings 
 
Figure 5-16 Crystallite sizes of the Ni coatings 
In order to evaluate the adhesion performance of the Ni coating, a sample 
electroplated under 3A/dm
2
 was selected to perform the scratch test. As shown in 
Figure 5-17, the critical load of the Ni coating is 31 N. Based on the EDS mapping, 
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although there is large plastic deformation of coating and substrate occurring in the 
scratch track, the Ni layer is still attached on the substrate closely without 
delamination. All these evidences indicate that the Ni layer deposited on the CuCrZr 
substrate has good adhesion performance.  
 
Figure 5-17 Adhesion performance of Ni (3 A/dm2): (a). Scratch track, (b). Details picture of 
the first delamination area, (c). EDS mapping of the A-A cross-section     
5.2.1.2 Au-Co/WS2 plating 
1) Electrolyte and substrate preparation  
The Au-Co electroplating is based on commercial aqueous cyanide electrolyte from 
COVENTYA
®
 containing 4 g/L KAu (CN)4, CoSO4, H3PO4 and H2SO4. The PH of 
the electrolyte was maintained at 0.6. 
Particle concentration and degree of dispersion have a significant effect on the 
property of the composite coating. WS2 (0001) surface is made of chemical saturated 
sulfur atoms. Thus WS2 particles are very hydrophobic [189] and large agglomerates 
are easily generated when they are mixed with the aqueous Au plating bath. Magnetic 
stirring is often used for particle dispersion; however, magnetic stirring has been 
suspected not to be efficient for WS2 dispersion [190]. Composite deposition assisted 
by ultrasonication during electroplating was also reported [191]. Even though the 
efficiency of ultrasonication is high, the drawbacks of this method are the limit of 
electrolyte volume and the heating of the electrolyte. Applying surfactant is a practical 
solution for industrial composite coating production. As a non-ionic surfactant, Triton 
X-100 has high chemical stability in acid and alkaline electrolytes [192] and it can be 
used as a wetting agent in KAu(CN)4 electrolyte [193]. The feasibility of applying 
Triton X-100 for Au matrix WS2 composite coating deposition is further investigated.  
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Figure 5-18 Sketch of Au-Co/WS2 electrolyte preparing flow  
Like Figure 5-18 shows, Triton X-100 (C14H22O(C2H4O)n, n≈10) (Acros Organics) 
was added into the Au-Co electrolyte to a concentration of 8 ml/L with 300 rpm 
magnetic stirring for 5 min. WS2 powder (2 µm, ≥ 99%, Sigma-Aldrich) was 
mechanically exfoliated in deionized water by using a probe sonicator (Vibra Cell 
75042, 20 kHz, 500 W, 30% power with 2 s on /2 s off pulses) for 30 min (the WS2 
particles after sonication are shown in Figure 5-19). Then, the exfoliated WS2 solution 
was poured into the Au-Co electrolyte with 8 ml/L Triton X-100 surfactant slowly and 
agitated with magnetic stirring. By regulating the weight of the WS2, three Au-Co 
electrolytes with 8 ml/L Triton X-100 and different WS2 concentration (2 g/L, 4 g/L, 8 
g/L) were prepared. Besides, three electrolytes (pure Au-Co electrolyte, Au-Co 
electrolyte with 8 ml/L Triton X-100, Au-Co electrolyte with 2 g/L WS2) were also 
prepared as references for coating comparison or for WS2 particle stability study. 
 
Figure 5-19 SEM and particle size (diameter) distribution of WS2 after sonication 
Before the deposition, all the substrates were pretreated by a degreasing process with 
5 min sonication in ethanol and 5 min sonication in acetone. After the degreasing 
process, an activating treatment was performed on the Ni surface with 1 min 
immersion in 20% HCl and 3 min immersion in 25% H2SO4, followed by a quick 
deionized water rinse and the electroplating was started immediately. 
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2) WS2 stability in electrolyte 
In order to a evaluate the dispersion state of WS2 particles in the electrolyte and 
investigate the mechanism and process of particle aggregation, Turbiscan LAB 
(Formulaction, France) was used [194]. During the measurements, specific 
transparent glass tubes with different electrolytes of 4 cm high were installed in the 
machine uprightly and they were scanned by a laser source from the bottom to the top. 
Signal of backscattered (BS) light was detected as a function of time and position 
along the axis of the tube. The first scanned BS profile was regarded as the reference 
and after that in each scan, the BS profiles were recorded in delta mode (BS=BSscan – 
BSref). From the BS% profile [195], the particles’ movement behavior can be 
recognized. Turbiscan stability index (TSI) can be used to evaluate the dispersion 
stability, which is defined by the following equation [196]:  
1( ) ( )i i
h
i
scan h scan h
TSI
H



                    (5-3) 
where, h and H are the selected height and the total height of the electrolyte sample 
respectively. The smaller the TSI is, the more stable of the electrolyte is.  
In this study, three electrolytes (Table 5-2) were selected to carry out the WS2 particle 
stability study. All the electrolytes were magnetically stirred under the speed of 
300 rpm for 5 min, then installed in Turbiscan and measured immediately. The 
electrolyte samples were scanned in every 30 s for 1 h and the tests were carried out at 
room temperature (25°C).  
Table 5-2 Electrolytes for the WS2 particle stability measurement 
Au-Co 
electrolyte 
WS2 
concentration 
Triton X-100 
concentration 
Heating 
condition 
A 2 g/L - - 
B 2 g/L 8 ml/L - 
C 2 g/L 8 ml/L 45°C, 40 min 
The Figure 5-20 (a) shows that for the electrolyte A without Triton X-100 surfactant, 
at the bottom (0 mm-0.5 mm) there is a peak with BS% in positive values appears, 
which indicates the sedimentation of the WS2 particles. At the top of the tube (38.5 
mm-40 mm) there is also a positive peak observed, which reflects the existence of a 
floating layer, i.e., creaming occurred. The Au-Co electrolyte shows poor wettability 
to WS2 particles and the large surface tension is the reason that induces the creaming 
of the WS2 particle. In the middle of the tube, the BS% profiles show large 
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fluctuation which is dominated by the flocculation and creaming mechanisms. The 
floating layer can also be observed visually as shown in Figure 5-20 (e). In Figure 
5-20 (b), with 8 ml/L Triton X-100 in the electrolyte, the creaming phenomenon is 
suppressed as the adsorption of Triton X-100 molecules on the WS2 particle surfaces 
improved their wettability and decreased the surface tension [197]. Although 
sedimentation and flocculation are also observed in the electrolyte with Triton X-100, 
the TSI values of electrolyte B is only half of the electrolyte A (Figure 5-21), in which 
the capability of Triton X-100 to improve the Au-Co/WS2 electrolyte stability is 
verified. Based on the visual observation (Figure 5-20 (e)) and TSI curves (Figure 
5-21), the electrolyte B shows high stability before 5 min. As the optimum deposition 
temperature of the Au-Co electrolyte is 45ºC, the stability study of WS2 particle in the 
45ºC electrolyte is necessary. Compared with electrolyte B, the electrolyte C shows 
higher instability with higher speed of flocculation and higher tendency of creaming 
(Figure 5-20 (c)). Based on the TSI curve of electrolyte C, something happened in the 
electrolyte after two minutes since the measurement started.  
 
Figure 5-20 Results of WS2 particle stability measurements: (a). ΔBS% profiles of electrolyte A 
shown in Table 5-2, (b). ΔBS% profiles of electrolyte B, (c). ΔBS% profiles of electrolyte C (d). 
Schematic of WS2 particle behavior in electrolytes, (e). Evolution of the three electrolytes 
according to the waiting time 
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Figure 5-21 Changes of TSI of different electrolytes over time 
3) Linear sweep voltammetry study and galvanostatic electrodepositions 
The cathodic polarization curves measured in different electrolytes are shown in 
Figure 5-22. Without adding Triton X-100 surfactant and WS2 particles, the Au-Co 
electrolyte shows a wide working range of current density from 1 A/dm
2
 to 20 A/dm
2
. 
With 8 ml/L Triton X-100 being added in the Au-Co electrolyte, the cathodic 
potentials shifted negatively and the slope of the curve decreased. This indicates that 
the presence of Triton X-100 in the electrolyte can affect the Au-Co deposition 
process, which may be own to the adsorption of Triton X-100 molecules on the 
coating surface and work as an inhibitor [198-200]. Compared with Au-Co electrolyte 
with Triton X-100, adding of 0.5 g (4 g/L) WS2 particles shifts the potential of the 
cathode to more negative values. The decrease of reduction potential is attributed to 
the adsorption of WS2 particles on the coating surface which decreased the active 
surface area and decreased the ionic transport rate in the diffusion layer accordingly. 
When current densities are higher than 7 A/dm
2
, significant fluctuation has been 
observed. The fluctuation is supposed to be caused by the violent hydrogen evolution 
on the cathode as H2 bubbles can insulate the cathode with the electrolyte or remove 
the WS2 particles attached on the coating surface. From the WS2 particle stability 
study introduced in the last section, the electrolyte which contains Triton X-100 
surfactant was proved to be unstable after being heated at 45ºC for 40 min. After 
keeping this electrolyte at 45ºC for about 40 min and measuring the polarization curve 
again, an obvious potential transition to positive side compared with the fresh 
electrolyte was observed. Especially, when the current density is lower than 7 A/dm
2
 
the polarization curve of the deteriorated electrolyte is almost the same as the pure 
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Au-Co electrolyte and the violent hydrogen evolution phenomenon was postponed in 
comparison with the fresh Au-Co electrolyte with Triton X-100 and WS2 particles. 
These evidences indicate that the property of Au-Co electrolyte with Triton X-100 and 
WS2 particles changed with time. According to the polarization curve measurements, 
5 A/dm
2
 has been selected as the current density for the 
galvanostatic chronopotentiometry study and for the Au-Co/WS2 coating deposition 
too.  
 
Figure 5-22 Cathodic polarization curves from different electrolytes 
 
Figure 5-23 The potential-time (E-t) curves obtained at J=5 A/dm2 from the electrolyte of 
Au-Co and Au-Co with Triton X-100 and WS2 particles. 
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Figure 5-23 shows the E-t curves measured under constant current density (5 A/dm
2
) 
during electrodeposition in different electrolytes. For the Au-Co electrolyte, the 
cathodic potential reached steady-state after a short nucleation stage and the cathodic 
potential is about -1.3 V. For the fresh prepared Au-Co electrolyte with 8 ml/L Triton 
X-100 and 4 g/L WS2, a very different E-t behavior is observed. When the current is 
applied, the cathodic potential is -1.49 V which agrees with the result shown in Figure 
5-22, then it decreased to -1.1 V gradually in around 200 s, followed by a slight 
increase process. The remarkable decrease of cathodic potential indicates that the 
dominant cathodic reaction happened easier than the [Au(CN)4]
-
 ion reduction, i.e., 
the cathodic reaction happened needs a lower overpotential than the reduction of 
[Au(CN)4]
-
. Hydrogen evolution was probably the dominated reaction at -1.1 V. The 
[Au(CN)4]
-
 reduction (whose onset potential is -1 V shown in Figure 5-22) was 
suppressed as the ion density in the double layer was very low due to the effect of 
Triton X-100 and WS2 particles adsorbed on the active coating surface. As there is no 
effect coming from WS2 particles, the Au-Co electrolyte with 8 ml/L Triton X-100 
shows a similar shape, but with a moderate change for the E-t curve in comparison to 
the electrolyte with WS2. As referred in the polarization curve measurement section, 
the degradation of electrolyte with Triton X-100 and WS2 particles was also approved 
during the chronopotentiometric study. The electrolyte maintained at 45ºC for 40 min 
presents a similar E-t behavior as the Au-Co electrolyte. 
Together with WS2 stability measurement results, the property change of Au-Co 
electrolytes with Triton X-100 surfactant at 45ºC for 40 min is illustrated in Figure 
5-24. Triton X-100 molecule has a hydrophobic tail and a hydrophilic head. When 
Triton X-100 is dissolved into the aqueous electrolyte, the hydrophobic tail of the 
surfactant can orient toward the WS2 particle surface and the surface of electrodes 
while the hydrophilic head associates with water for dissolution [201, 202]. The 
adsorption of Triton X-100 molecules on the WS2 particle surfaces prevent the WS2 
particles from agglomeration by overcoming the van der Waals attractions [203]. With 
magnetic stirring, WS2 and Triton X-100 surfactant present in the electrolyte as 
micelles uniformly. As a nonionic surfactant, Triton X-100 has a certain temperature 
(cloud point) in its aqueous solution above which, phase separation occurs [204]. 
Studies show that the aqueous Triton X-100 solution with a concentration of 1% (v/v) 
has a cloud point around 65ºC [205]. However, in the Au-Co base electrolyte, there 
are many foreign ions existing and such ions decreased the cloud point of Triton 
X-100 surfactant to a value not higher than 45ºC. By keeping the Au-Co electrolyte 
with 8 ml/L Triton X-100 and WS2 particles at a temperature of 45ºC for 40 min, the 
well-dispersed Triton X-100 micelles (with WS2 particles inside) separated as droplets. 
When the magnetic stirring stopped, sedimentation of Triton X-100 phase which is 
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rich in WS2 particles was observed at the bottom of the cell. This mechanism can 
explain the abnormal phenomena of WS2 particles’ stability and electrochemical 
performance of the electrolyte heated at 45ºC for 40 min.    
 
Figure 5-24 Schematic illustration of Triton X-100 surfactant assembly on WS2 particles 
5.2.2 Coating characterizations 
5.2.2.1 Coating composition 
The compositions of Co and WS2 particles in the Au-Co or Au-Co/WS2 composite 
coating are important as they can minimize the coatings’ wear rate by increasing the 
hardness and decreasing CoF, respectively. As shown in Figure 5-25, under a current 
density of 5 A/dm
2
, 0.19 wt.% Co in the alloy coating with coating rate of 
0.28 µm/min was achieved by using the Au-Co electrolyte. The Au-Co coating’s 
hardness is about 250 HV0.01 [206]. With the presence of Triton X-100 (8 ml/L), the 
coating rate decreased obviously by 50 %, which was caused by the low concentration 
of Co
2+
 and [Au(CN)4]
-
 in the electric double layer. When Triton X-100 was added, 
the cathodic potential shifted to more negative values (Figure 5-22) and promoted the 
reduction of Au (III), which can explain the decrease of Co content in the Au-Co from 
0.19 wt.% to 0.12 wt.%. Due to the Co content decrease, which weakened the solid 
solution strengthening effect, the Au-Co coating’s hardness decreased to 223 HV0.01. 
For the fresh Au-Co electrolyte with Triton X-100 and WS2 particles, hydrogen 
evaluation turned to be the main cathodic reaction due to the low transportation rate of 
Co
2+
 and [Au(CN)4]
-
 ions. As a result, the cathodic efficiency is very low. The coating 
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rate of the Au-Co/WS2 electrolyte decreases with the WS2 concentration increase. 
Another obvious effect of mixing WS2 particles in the electrolytes is the depressing of 
Co in the composites coatings, which is also due to the enhancement of cathodic 
polarization. When the WS2 concentration is higher than 4 g/L, the Co contents are 
too low to be measured by EDS technique. As explained in the previous section, due 
to phase separation, the WS2 concentration in the electrolyte and the electrolyte’s 
viscosity decreased and as a result there are no WS2 particles compounded inside in 
the Au-Co coating.  
 
Figure 5-25 W, Co contents and coating rate of different electrolytes under a current density of 
5 A/dm2 
5.2.2.2 Coating morphology and topography  
As Figure 5-26 (a) shows, the electrodeposited Au-Co coating exhibits a smooth 
surface with a spherical nodular structure. With Triton X-100 in the electrolyte, the 
grain size tends to decrease, a phenomenon which was also observed in the Pt-Rh 
co-deposition with the presence of Triton X-100 [207]. With Triton X-100, the surface 
roughness (Sa) of Au-Co coating decreased from 0.47 µm to 0.37 µm (Figure 5-27). 
The enhancement of cathodic polarization after adding Triton X-100 surfactant could 
be the reason that caused the grain refining effect on the coating. With WS2 particles 
being added and concentration increased from 2 g/L to 8 g/L in the electrolyte, the 
coating surface tends to coarse with the appearance of more irregular shape nodules 
(Figure 5-26 (c) to (e)). As shown in Figure 5-27, the coating roughness of 
Au-Co/WS2 composite coatings with WS2 particle concentration of 2 g/L, 4 g/L and 
8 g/L are 0.51 µm, 0.63 µm and 0.67 µm respectively. Such protruding structures on 
the coating surfaces were proved by EDS to be WS2 clusters embedded into the 
coatings.  
Chapter 5 Self-lubricating coating development 
142 
 
 
Figure 5-26 SEM and EDS images of the electroplated coatings from different electrolytes: (a). 
Au-Co, (b). Au-Co with 8 ml/L Triton X-100, (c). Au-Co with 8 ml/L Triton X-100 and 2g/L 
WS2, (d). Au-Co with 8 ml/L Triton X-100 and 4g/L WS2, (e). Au-Co with 8 ml/L Triton X-100 
and 8g/L WS2, (f). EDS mapping of W element on the Au-Co/WS2 coating from electrolyte 
with 8g/L WS2 
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Figure 5-27 3-D surface topography measurements of coatings deposited from different 
electrolytes: (a). Au-Co, (b). Au-Co with 8 ml/L Triton X-100, (c). Au-Co with 8 ml/L Triton 
X-100 and 2 g/L WS2, (d). Au-Co with 8 ml/L Triton X-100 and 4 g/L WS2, (e). Au-Co with 8 
ml/L Triton X-100 and 8 g/L WS2, (f). Results summary of coating roughness (arithmetic mean 
height) 
Cross-sectional SEM images of Au-Co/WS2 composite coating deposited from 
electrolyte with 8 g/L WS2 are shown in Figure 5-28 (a) to Figure 5-28 (c). The results 
indicate that the Au-Co/WS2 composite coating has good bonding interface with Ni 
interlayer and the Au-Co matrix coating has a dense structure. The WS2 particles used 
in the composite coating deposition were exfoliated beforehand by probe sonication 
aiming for increasing their adsorption on the cathode surface so as to increase WS2 
content in the composite coating. The effectiveness of exfoliation was proved from 
the cross-sectional observation. The WS2 particles in the composite coating show 
clearly a preferential orientation which is parallel to the coating surface. The 
thicknesses of the WS2 particles are around 100 nm-150 nm. As WS2 particles are 
semiconductors [208], during deposition, Au-Co nucleation not only occurred on 
Au-Co surface (initially Ni surface) but also on WS2 particle surfaces. So, Au-Co 
growth followed the shape of the WS2 particles; hence, WS2 flakes were embedded 
into the Au-Co matrix compactly.  
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Figure 5-28 Cross-sectional SEM and EDS images of Au-Co/WS2 coating deposited from 
electrolyte with 8 g/L WS2: (a). SEM image of position 1, (b). SEM image of position 2, (c). 
SEM image of position 3, (d). EDS point analyses at point A and B positions shown in (a). 
5.2.2.3 Crystal structure  
 
Figure 5-29 XRD patterns of the coatings 
The influence of Triton X-100 and WS2 particles on the coatings’ crystal structure was 
investigated by XRD. Figure 5-29 shows that the WS2 particles used for the composite 
coating study have crystal planes of (002), (004), (100), (101), (103), (006), (105), 
(110), (008), (112), (118), etc. All the above planes belong to hexagonal WS2 [209]. 
However, in the Au-Co/WS2 composite coatings, only (002), (004), (006) and (008) 
diffraction peaks of WS2 are observed at 2θ of 14.3°, 28.9°, 44°and 59.9° respectively. 
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Here, only the {002} family of crystal planes were observed, which is another 
evidence showing that the WS2 particles are regularly distributed in the coating (with 
{002} planes parallel to the coating surface). With the increase of WS2 concentration, 
the intensities of WS2 peaks increase accordingly. Crystallite sizes of Au-Co and 
Au-Co/WS2 coatings were calculated through the Scherrer equation [51] from Au-Co 
(111) peaks and the results are shown in Figure 5-30. Grain size refinement of the 
matrix coating was reported with WS2 particle added in the electrolyte [210], however 
here we found the crystallite size of the Au-Co matrix increases with the adding of 
WS2 particles and the presence of Triton X-100. The reason for the crystallite size 
increase could be probably due to the inhabitation of Triton X-100 molecules which 
decreased the Au-Co nucleation. The Co content decrease could be another reason 
that caused Au-Co crystallite increase. 
 
Figure 5-30 Crystallite size calculated from Au-Co (111) peaks 
5.2.2.4   Tribological performance 
Coatings’ tribological performance was evaluated on a ball-on-disc tribometer 
equipped with high vacuum pumping system against 316L ball (Ø=3 mm). 8000 
cycles’ rotary sliding tests were performed under 10-3 Pa with a linear speed of 
6.3 cm/s and a normal contact force of 2 N. 
As shown in Figure 5-31, for the Au-Co coating obtained from Au-Co electrolyte, the 
CoF started at 0.15 and increased slowly to 0.3 during the 8000 cycles sliding. With 
8 ml/L Triton X-100 being added, the Au-Co coating obtained showed worse 
tribological performance and its maximum CoF reached 0.4. Based on the coating 
compositional study and crystallite size study, with the presence of Triton X-100 in 
the electrolyte, the Co content in the Au-Co alloy coating was suppressed and the 
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coating crystallite size increased. All these factors impair the hardness of the Au-Co 
coating and therefore induce a higher CoF. At the contrary, Au-Co/WS2 composite 
coatings show very different CoFs compared with Au-Co coatings. For the 
Au-Co/WS2 coating which was obtained from the electrolyte with 2 g/L WS2, there 
are three obvious transition periods observed on the CoF curve, which are induced by 
the transfer of WS2 on the ball surface. At last, the CoF stabilized at 0.15. The CoFs 
of Au-Co/WS2 coatings obtained from electrolytes with 4 g/L and 8 g/L WS2 give 
similar CoF of around 0.05, which is a good results.  
 
Figure 5-31 Coefficients of friction of Au-Co and Au-Co/WS2 coatings 
 
Figure 5-32 Worn surface morphologies of different coatings and their counterpart balls: (a). 
Au-Co, (b). Au-Co with 8 ml/L Triton X-100, (c). Au-Co with 8 ml/L Triton X-100 and 2 g/L 
WS2, (d). Au-Co with 8 ml/L Triton X-100 and 4 g/L WS2, (e). Au-Co with 8 ml/L Triton X-100 
and 8 g/L WS2, (f). Transfer film of Au and WS2 on the worn surface of the ball shown in (c) 
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As Figure 5-32 shows, during the tribological tests, the wear mainly occurred on the 
Au-Co and Au-Co/WS2 coatings without obvious wear on the 316L balls. Adding 
Triton X-100 in the Au-Co electrolyte degraded the wear performance of the Au-Co 
coating significantly: the depth of wear track increased from 2 µm to 4 µm (Figure 
5-33 (a)). This degradation is due to the decrease of Co content in the Au-Co coating 
which decreases the coating’s hardness accordingly. As Figure 5-33 (b) shows, the 
wear rate of Au-Co (without Triton X-100 in the electrolyte) coating is 
2.3×10
-5
 mm
3
/N∙m. With Triton X-100 being added, the wear rate increased to 
3.5×10
-5
 mm
3
/N∙m. When WS2 is contained in the coating, Au film with WS2 is 
transferred from the coating to the ball surface during adhesive wear (Figure 5-32 (f)).  
 
Figure 5-33 2-D profiles of wear tracks and wear rates of different coatings 
SEM observations were carried out on the wear track of the Au-Co/WS2 coating to 
understand the lubricating mechanisms. As shown in Figure 5-34, relative smooth 
wear track was observed after the tribological test. A 300 nm tribolayer was generated 
on the surface of the coating layer, which is the mixing of Au and WS2 fine flakes 
(Figure 5-35). The configuration of WS2 in the tribolayer is very different from the 
original WS2 particles imbedded in the Au-Co/WS2 coating. It can be inferred that, 
during sliding, with the wear of the coating matrix, the ball got into contact with the 
WS2 particle and sheared the WS2 into small flakes. The wear debris of Au-Co matrix 
mixed with the WS2 flakes and generated a WS2-rich tribolayer on the coating surface 
in the wear track. This tribolayer transferred between the ball surface and the coating 
surface by shearing the weak interlayer bonding in WS2. Aa result, the sliding was 
lubricated and a low CoF obtained. Due to the presence of this tribolayer, the coating 
was protected from further wear, thus the wear rate of the composite coating was 
minimized efficiently. With WS2 lubricating, the wear depths and wear rate are 
minimized efficiently. The Au-Co/WS2 composite coating has wear rate of 
8×10
-6
 mm
3
/N∙m, which is only 1/3 of the Au-Co coating’s wear rate. 
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Figure 5-34 SEM images in the wear track of Au-Co/WS2 (from electrolyte with 8g/L WS2): 
(a). Overview of wear track, (b, c, d). Detail views in the area of A1, A2 and A3. (There is a 
300 nm thick top layer observed, which is generated during the cross-sectional sample 
preparation by using cross-polisher. The provement is shown in Appendix C.)  
 
Figure 5-35 EDS results at point P1 shown in Figure 5-34 (d) 
5.2.2.5 Summary 
The feasibility of achieving WS2 composite coatings with Au alloy matrix was 
investigated in this section. Au-Co commercial electrolyte was used to carry out the 
study, even though Co is a limited element for nuclear application. To improve the 
WS2 particles dispersion in the Au-Co electrolyte, non-ionic surfactant Triton X-100 
was applied and its function in improving the electrolyte stability was proved. With 
the assistance of Triton X-100, Au-Co/WS2 composite coatings with different WS2 
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contents were successfully deposited. Interestingly, by adding Triton X-100 and WS2 
particles in the electrolyte, the Co content in the Au-Co/WS2 composite coating is 
significantly suppressed to zero. With WS2 flakes compounded, the Au-Co/WS2 
coatings present much lower CoFs compared with Au-Co coating and the minimum 
CoF is around 0.05. The Au-Co/WS2 coatings’ wear rates are also proved to be 
significantly lower than the Au-Co coating. So, WS2 was proved to be a very efficient 
solid lubricant under ITER relevant environment. Actually, in the Au-Co/WS2 
composite coating, the Co content is much lower than the ITER requirement 
(0.2 wt.%), which is a good point for ITER application.  
5.3 Tribological performance comparison of different coatings 
The tribological performance of the developed Au-Ni/a-C and Au-Co/WS2 coatings 
were evaluated in the vacuum tribometer with different test parameters due to the 
constraint of the sample size. So, the test results obtained can’t be compared directly. 
In order to compare the tribological performance of the two self-lubricating coatings 
with the commercial Au-Ni coating, tribological tests with the same parameters were 
performed on a commercial tribometer with ball-on-disk configuration in N2 
atmosphere (to mimic vacuum condition as near as possible). The ball is made of 
100Cr6 with a 6 mm diameter. 8000 cycles’ rotary sliding tests were performed in N2 
atmosphere with a linear speed of 8.4 cm/s and a normal contact force of 8 N. 
 
Figure 5-36 CoF of different coatings in N2 atmosphere 
As Figure 5-36 shows, for the Au-Ni/a-C (200 W) coating, the CoF started at 0.2 and 
increased fast after ~200 cycles to 0.4. For the commercial Au-Ni coating, similar 
phenomenon is observed but the transition time of the CoF is delayed to 500 cycles. 
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The Au-Co/WS2 (deposited from electrolyte with 8 g/L WS2) showed the best 
tribological performance with a constant CoF around 0.04.  
 
Figure 5-37 Wear rate of different coatings in N2 atmosphere 
The wear rates of the coating were shown in Figure 5-37, the wear rate of the Au-Ni 
commercial coating is 2.7×10-5 mm3/N∙m. The wear rate of Au-Ni/a-C (200 W) is  
5.7×10-5 mm3/N∙m. The Au-Co/WS2 shows very low wear rate and the value is 2.9×
10
-6
 mm
3
/N∙m. 
5.4 Discussion  
In this chapter, two self-lubricating composite coatings were developed by magnetron 
sputtering and electroplating and their tribological performances were evaluated. 
 Au-Ni/a-C composite coating 
There are two forms of C atom in the Au-Ni/a-C composite coatings, alloying in 
Au-Ni crystal lattice or accumulating as a-C clusters. Especially for the C atoms that 
were alloyed in the Au-Ni lattice, a significant solution hardening effect to the Au-Ni 
matrix was observed. During tribological tests, the generation of C lubricating film 
was observed in the wear track. However, as C material can’t work efficiently under 
high vacuum condition, the CoF and wear rate of the Au-Ni/a-C composite coating are 
similar to the Au-Ni coating. In addition, the electrical resistivity of the composite 
coating is about 3 times higher than the pure Au coating. So, if the Au-Ni/a-C 
composite coating can’t be proved to be more thermal stable (hardness, diffusion 
resistance) than the Au-Ni coating in the future study, it’s not suitable for the 
application in the ITER ICRH RF sliding contact. 
Chapter 5 Self-lubricating coating development 
151 
 
 Au-Co/WS2 composite coating 
This coating was proved to have excellent tribological performance. The Au-Co/WS2 
coatings that developed were verified to have lower Co contents than the ITER limit. 
However, suppressing the Co content impairs the mechanical performance of Au-Co 
matrix. As Ni is a compatible element for nuclear application, the achievement of 
Au-Ni/WS2 composite coating, which has high Ni composition, could achieve even 
better tribological performance compared with the Au-Co/WS2 developed in this study. 
Au-Ni/WS2 composite coating is thus very promising and could be developed in 
future work. Besides, WS2 is a semiconducting material. Thus, the generation of WS2 
tribofilm on the wear track, which serves as solid lubrication, can impair the electrical 
performance of the contact. The effects of compounding WS2 in the coating to the 
coating’s electrical performance needs to be investigated in the future.   
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Chapter 6 Conclusions and prospect 
6.1 Conclusions of this thesis 
ICRH system is one of the auxiliary heating systems for the ITER tokamak, which 
can supply a total heating power of 20 MW to the plasma. RF sliding contacts are 
embedded in the ITER ICRH antenna to absorb thermal expansion and to allow the 
assembly and maintenance of the ICRH antenna by remote handling, while insuring 
the RF current continuity. The development of sliding RF contacts is a challenge, as 
the foreseen maximum steady-state operating current density is 4.6 kA/m in the ITER 
vacuum environment. In addition, the 250°C baking operation and the neutron 
bombardment further constraints the material selection of the RF sliding contacts.  
The aims of this thesis are to understand the failure mechanisms of the RF sliding 
contact under the specific ITER operating conditions and to find suitable materials for 
design and manufacturing of satisfactory contacts. The main contributions developed 
in this thesis are: 
 The analysis of the failure mechanisms of ITER RF sliding contacts based on a 
prototype of the Multi-Contact
®
 LA-CUT
®
 product. A test campaign was carried 
out on the CEA T-Resonator testbed. An RF current of 1.9 kA at 62 MHz was 
achieved during 300 s, but burn failure happened with higher current. From a 
FEM model and by performing electrical-thermal and thermal-hydraulic analyses, 
it was found that the steady-state operating temperature of the RF contact louver 
linearly increases with the contact resistance (Rc) increase. In order to maintain 
the temperature of the RF contact louver below 250°C, it has been calculated that 
the Rc should be lower than 6.5 mΩ/louver. This parameter drives the choice of 
the materials to be used to reduce the operational contact louver temperature. If 
the RF conductor is made of 316L stainless steel, increasing cooling parameters 
(such as mass flow rate and velocity) has almost no effect to improve the cooling 
performance of the contact louver. Actively cooled CuCrZr is strongly suggested 
as base material of the RF contacts support.  
 The development of a multi-functional tribometer which can mimic 
ITER-relevant vacuum and temperature conditions for material evaluation for the 
ITER RF sliding contact. Although some commercial vacuum tribometers which 
could even perform contact resistances exist, no tribometer were found having in 
addition a sample heating capability. Moreover, any commercial vacuum 
tribometer needs to be opened to adjust the normal contact force, which is 
time-consuming and not compatible with the time allowed for the material study 
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in this thesis, as we needed to adjust the normal contact force frequently. Thus, a 
multi-functional tribometer which can mimic the ITER environment conditions 
and be operated conveniently and reliably was developed. This tribometer then 
been used to characterize the friction and contact resistance properties of various 
samples of materials. A French innovation patent concerning the loading system 
has been submitted and authorized.    
 The feasibility of applying Au-Ni, Ag, Ag-Sb and Rh as functional coatings for 
ITER RF sliding contacts have been evaluated from material characterizations. 
The base material of the RF contact louvers was selected as CuCrZr. The 
supporting conductor can be made of 316L or CuCrZr. From FEM analyses, the 
Rc of one louver should be lower than 6.5 mΩ. In order to improve the electrical 
and tribological performances of the sliding contact, the application of functional 
coatings have been found to be mandatory. From the commonly used material in 
the electrical industry, the specific ITER environment conditions of vacuum and 
temperature lead to the choice of Au-Ni, Ag, Ag-Sb and Rh coatings. Before this 
thesis, no systematic study and evaluation of common functional coatings under 
ITER relevant conditions have been made. During this thesis, the above 
functional coatings were electrodeposited on CuCrZr and 316L substrates and 
they were deeply characterized regarding their diffusion phenomena with their 
substrates or with another coating after 250°C thermal aging process. In addition, 
thermal aging effects on the coatings’ morphology, hardness, adhesion 
performance, crystal structure, electrical and tribological performances were 
evaluated. The CoF and Rc values have also been measured. All these results 
provide a good reference for the future studies of ITER RF sliding contacts or 
other projects. 
 The development of Au-Ni/a-C and Au-Co/WS2 composite coatings and their 
application as electrical functional coatings in ITER has been investigated.  
 Although Au-Ni and Au-Co are commonly used coatings on electrical and 
electronic industries, their composite coatings were not deeply considered in the 
fusion research field. In their lifetime, ITER ICRH RF sliding contacts will face 
severe adhesive wear during operation and applying solid lubricants on them is 
very promising. Satisfactory Au-Ni/a-C composite coatings were deposited by 
magnetron sputtering. A significant hardness improvement has been demonstrated 
in comparison with Au-Ni coating. However, due to the low lubricating efficiency 
of carbon materials in vacuum, these composite coatings do not have advantages 
in minimizing CoF and wear rate compared with Au-Ni coating.  
 An Au-Co/WS2 electroplating composite coatings process has been developed 
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and used. A technical breakthrough was made in the WS2 particle dispersion in 
aqueous cyanide electrolyte. With the assistance of Triton X-100 surfactant, 
Au-Co/WS2 composite coatings were successfully deposited on CuCrZr plates. 
The coating’s mechanical and tribological properties have been assessed. Their 
high efficiency in minimizing CoF and wear rate under ITER conditions were 
proved.  
6.2 Future work 
 For RF contact modelling: although a FEM model was created and simulation 
work was performed on it, only few louvers were considered in this model. The 
heat loads induced by the contact resistance and bulk resistance were calculated 
from analytical fromulas and then applied on the model as surface heat fluxes. 
Moreover, two assumptions have been made for the simulation: i) the RF current 
is uniformly distributed in each louver and ii) no current flows through the 
stainless steel spring. However, reality is more complex than that. From ANSYS 
HFSS simulation, more realistic RF current distribution has been obtained and 
could be used to calculate the heat generation in a RF-thermal modelling in a 
self-integrated way. A full (or partial) size RF sliding contact model could be in 
principle be modelled in HFSS to carry out the RF-thermal calculation. However, 
this workflow would still present a limitation, in the sense that it is not yet 
possible to setup contact resistances in the RF modelling, which actually exist 
between the contacts and their supporting and facing materials. 
 For material studies: in this thesis, the Au-Ni/a-C composite coating was proved 
to have no advantages compared with Au-Ni coating in minimizing CoF and wear 
rate. However, the C atoms in alloyed in the Au-Ni lattice may improve the 
coating’s thermal stability. So, thermal aging investigation of the Au-Ni/a-C 
composite coating is still interesting to be performed in the future. Concerning 
Au-Co/WS2 composite coating, its excellent tribological performance was 
demonstrated. However, the effects of WS2 tribofilm generated on the wear track 
on the electrical performance (Rc) were not studied. Besides, as Co content is 
strictly controlled in ITER, replacing Co by Ni in a Au-Ni/WS2 composite coating 
through electroplating is very promising. 
 For the engineering design of the new RF sliding contact prototype: in this thesis, 
a lot of experience in mechanical structure and materials on RF sliding contact 
were obtained. Based on these experiences, new RF sliding contacts design have 
been proposed and it would be important to develop and test them on the CEA 
T-resonator testbed. Among the new proposed RF sliding contacts (not detailed in 
this thesis), RF contact louvers made of CuCrZr and brazed on the RF conductor 
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(made of CuCrZr) would improve the cooling efficiency. Thick Ag coating (~100 
µm) is proposed to be applied on the surfaces of these louvers. The counter RF 
conductor should be made of 316L with a 4 µm Rh coating electrodeposited to 
minimizing the Rc and to improve the conductor’s wear resistance. For thermal 
efficiency, a CuCrZr counter RF conductor is a better option. It however requires 
developing a more satisfactory Rh-coating process on the CuCrZr, for instance by 
replacing the gold flash layer by a nickel layer. 
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Appendix A: HV-MTEST Plotting Methods  
On HV-MTEST facility, as the stroke of one cycle is 16mm and 0.5s acquisition time 
is used, which means that there are 32 data points per stroke. When the friction 
coefficient and contact resistance are being plotted with the sliding cycles, there are 
two proper techniques: do the average of the 32 points or choose the maximum value.  
On HV-MTEST, when the samples that are being tested have slight wear phenomenon, 
the output from the system looks like Figure1. In that case, the average of one cycle is 
similar to the maximum value during this step. 
 
Figure1. HV-MTEST strain output signal with slight wear 
However, when the wear phenomenon tends to serious, the output from the system 
looks like Figure 2, the average can’t reveal the true friction phenomenon during this 
cycle.  
 
Figure 2. HV-MTEST strain output signal with severe wear 
Although the maximum value only happens in short time during the whole cycle, 
from engineering point of view, choosing the maximum value is more meaningful 
compared with the averaged value which can guarantee the safety margin of design 
based on this parameter.  
For the contact resistance, as we used the compensation function of the Keithley 
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DMM7510 facility, which calculates the thermal potential between the contact 
objectives and gets rid of it from the measurement results during the sliding. So there 
are obvious noises existing and sometimes minus resistance observed which is not 
realistic. So, for the plotting of contact resistance, the averaged value per step (32 
points) was used which can impair the effects of the noises.  
 
Figure 3. HV-MTEST contact resistance output signal 
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Appendix B: Binary phase diagram 
 Ni-Cu phase diagram  
The Cu-Ni and binary phase diagram is the simplest type of binary phase diagrams for 
two metals. Due to the similar atom radius (RCu = 0.128 nm, RNi = 0.125 nm), the same 
crystal structure (face-centered cubic crystal) and similar electronegativity (Cu: 1.9, Ni: 
1.8), Cu and Ni are mutually soluble even at room temperature throughout the entire 
range of compositions.  
 
Figure 1 Cu-Ni binary alloy phase diagram 
 Ni-Ag phase diagram 
As for the Ag–Ni binary system, their phase diagram shows that there is a eutectic 
reaction [L―›fcc (Ni) + fcc (Ag)] at 960ºC and a monotectic reaction [L1―›fcc (Ni) 
+ L2] at 1435ºC [211]. Both Ag and Ni are of fcc structure and with similar atom 
radius, so the lattice mismatch between Ag and Ni is only 16%. However, the 
solubility of Ni in Ag is very small, only about 0.2 at.% even at the thermodynamic 
equilibrium melting point of Ag [212]. Silver with high content of Ni is usually 
obtained by using powder alloying with the process of pressing or sintering and 
Ag80Ni20 was successfully obtained by using laser ablation[213].   
Alloy deposition can deposit with properties not obtained by employing 
electrodeposition of single metals. They can be denser, harder, more corrosion 
resistant and more wear resistant. Even though the metals are not mutually soluble in 
the solid state based on their phase diagram, the metals can be co-deposited at low 
polarization values, the formation of solid solutions or supersaturated solid solutions 
alloys [25]. In order to obtain the metal alloy, one of the important preconditions is 
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that the alloy elements should have the same or nearly the same individual deposition 
potentials. As the standard electrode potentials of Ag and Ni are +0.799 V and 
-0.257 V respectively, the co-electroplating of Ag-Ni is very difficult.  
 
Figure 2 Ag-Ni binary alloy phase diagram 
 Au-Ni phase diagram 
Adhesive wear is one of the main disadvantages of gold coatings intended for sliding 
contact applications. It can be overcome by alloying gold with other elements such as 
Ni, Co, Cd, Sb, Cu, Ag and Pd. The introduction of small additives (tenth of percent) 
of nickel into gold, for example, increases the coating hardness several times. Also, it 
was shown that alloying reduces the grain size by one or two orders of magnitude, i.e., 
from 1–100 to 0.01 mm. Here in this study, we chose Ni as the co-alloying element in 
Au. 
Although gold and nickel have the same crystal structure (fcc structure) and they can 
form a continuous solid solution under relatively high temperature. However, based 
on the Au-Ni binary phase diagram there is nearly no solid solubility over the entire 
range of composition under the temperature lower than 200ºC. Moreover, the fast 
decrease of the solid solubility at lower temperatures leads to the decomposition of 
the single-phase bimetal into two face-centered cubic solid solutions.  
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Figure 3 Au-Ni binary alloy phase diagram 
 Au-Cu phase diagram 
With the content of Cu increase, the melting points of the alloy decease. And with 44 
at.% of Cu inside the melting point of the alloy reaches to the minimum and then 
increase again with the increase of the Cu content. In Au-Cu alloys, when the 
temperature is higher than 410ºC, Cu atoms can randomly substitute in the solid phase 
for Au atoms at all concentrations and generate disordered fcc crystal. Even though 
the Au and Cu atoms still occupy the lattice sites as original periodic crystal lattice, 
the conduction electrons are scattered because the periodic potential is disturbed by 
the random occupation [214]. Under low temperature, the solid solution will turn from 
disordered to few ordered intermetallic compounds (Au3Cu, AuCuI, AuCuII, AuCu3I 
and AuCu3II).  
 
Figure 4 Au-Cu binary alloy phase diagram 
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 Rh-Cu phase diagram 
The Cu–Rh phase diagram indicates a peritectic reaction at 1100ºC which suggests 
that a single phase exists in Cu–Rh alloys at 25ºC as primary solid solution of α-CuRh 
between 0 and 20 at.% Rh and α-RhCu between 90 and 100 at.% Rh. The alloys of 
intermediate compositions are two-phase mixtures of α-CuRh and α- RhCu. 
 
Figure 5 Rh-Cu binary alloy phase diagram 
 Rh-Au phase diagram 
From the Rh-Au binary diagram, it shows that Au and Rh are immiscible in almost the 
entire composition range. The Au-Rh system can form an fcc solid solution with a 
maximum Rh solubility of 1.6 at.% in Au and only 0.5 at.% Au in Rh. The low 
miscibility of Au and Rh especially under low temperature indicates that, the diffusion 
resistivity of the Au-Rh pair should be high, 
 
Figure 6 Rh-Au binary alloy phase diagram 
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 Rh-Ag phase diagram 
The solid solubility of Rh in Ag is very small and before reaching the melting of silver, 
there is almost no Rh solute inside. However, the solid solubility of Ag in Rh is much 
higher and the maximum is about 10 at.%.  
 
Figure 7 Rh-Ag binary alloy phase diagram 
 Cu-Ag phase diagram 
Although Cu and Ag seem to follow the Hume-Rothery rules, Figure 8 shows that 
they do not form a complete solid solution. The critical difference is that their atomic 
radii are not that similar. 
 
Figure 8 Cu-Ag binary alloy phase diagram 
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Appendix C: Investigation of the generation of the top layer   
The cross-sectional surface of the Au-Co/WS2 was prepared by using cross-polisher. 
When the cross-sectional sample prepared, a top layer was observed on the coating 
surface (Figure 1). The compositions of this top layer was studied by using EDS 
(Figure 2), which shows that the top layer is composed of Au, Cu and Ni.  
 
Figure 1: Cross-polishing area and top layer on the coating 
 
Figure 2: EDS result of top layer  
In order make sure that this top layer was generated during the cross-polishing 
process other than electrodeposition process (due to the pollution of the Au-Co 
electrolyte), a further investigation was performed. As shown in Figure 3, by checking 
the top surface of the cross-polished sample, very different EDS results were obtained 
between the areas near to the cross-polishing surface and far from the cross-polishing 
surface. Near to the cross-polishing surface, there is a high content of Cu contains in 
the coating, however, there is no copper observed in the coating far from the 
cross-polishing surface. In a word, the top layer is generated due to the deposition 
(PVD deposition) during cross-polishing process, other than during electroplating 
process. 
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Figure 3: SEM and EDS results of cross-polished sample 
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